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Summary 


NASA grant NAG9-329 was in effect from 3/1/89 to 8/31/94 the last is . 
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(Longhi, 1991b; Longhi et al 1992 V ?Tanfv° ?\ SN< ~ me * eontes for martian evolution 
relevant to early lunar differentiation and a " e ^P enmentaI st “ d y ° f silicate liquid immiscibility 

quantitative models were developed by the P I in the 1980s wit^NAS A ' preSSI i re a ^ ec , ts of the 
with a paper comparing the crvstalli 7 atinn r,f t ■ i ji WI , NASA support and culminated 

for the^hi^h-press^^oSfiw^n^to^b^qu^Intkathl^moctelT^a^au^^ffi f 
pressure melting experiments done at Lament (Longhi 1 ^LoLhfl qqa gleaned from high- 
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Picritic Glasses/Mare Basalts 

Work in this area has centered primarily on developing an alternative model for the 
petrogenesis of mare picritic glasses (Delano, 1986). As their description implies, these glasses 
have high contents of normative olivine. These high olivine contents in turn produce high-pressure 
liquidus multiple saturation of olivine and pyroxene in the range of 17 to 25 kbar. The standard 
interpretations are either that this pressure range is the minimum pressure range of melt segregation 
from a multi-phase residuum or that there were sufficiently high degrees of partial melting to 
exhaust pyroxene from the source at a lower pressure. On the Moon 25 kbar implies depths in 
excess of 500 km and the prospect of transporting a magma that distance without fractionating it 
seems dubious. One calculation suggests magma traveling 10 m/sec in a through-going crack 40 m 
wide is necessary to avoid crystallization (Spera, 1992). Alternatively, a cumulate source with 2.0 
wt % AI2O3 and 80 % olivine would require more than 30 % partial melting; sources with more 
AI2O3 or less olivine would require even higher degrees of melting. Polybaric melting models 
provide one way out of this dilemma. As described by (Klein and Langmuir, 1987), melting and 
segregation takes place over a range of depths with the melt accumulating into a pool that 
eventually finds a crack and makes it to the surface. Thus melting experiments give only an average 
pressure of segregation: melting begins a higher pressures and continues to lower pressures. 

Fig. 2 from Longhi (1992a) illustrates traces of the pooled melt composition for polybaric 
fractional melting of a model mare source. The origins of the curved lines in Fig. 2a are the 
compositions of the intial melts at the initial pressure of melting. The tips of the arrows are final 
pooled melt compositions when the melting stops at 5 or 6 kbar. The source composition and 
solidus changes in response to melt segregation in these calculations, so some melt must be 
retained in the source to keep the source from exhausting its basaltic components and to keep the 
temperature required to melt the depleting source from rising above an adiabatic gradient. The 
letters adjacent to the curved paths are keyed to the calculation parameters in the inset table: EF is 
the fraction of melt generation in each step that is withdrawn in each step. The melting paths that 
begin at 40 kbar are quite successful compositionally and imply great depths (> 1000 km) of 
differentiation and, possibly, initial melting in the Moon. Revised calculations, employing 
modified equations for the pressure dependence of liquidus boundaries and partion coefficients 
(Longhi, 1993 and 1994). The major challenge to this model is the physical requirement of 
maintaining a distinct pool of melt that can be fed by the partially melting source region as it 
ascends. 
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SNC Meteorites and Mars 

Work in this area has involved investigation of the patterns of incompatible element and 
isotopic fractionations in the shergottite-nahklite-chassignite (SNC) parent magmas (Longhi, 
1991b; Longhi, 1992c). An important consequence of this effort was the discovery that several 
incompatible high-field strength elements (HFSE) are fractionated relative to the rare earth elements 
(REE) as shown in Fig. 3; and there is also a Sr "signal" at least in the Antarctic shergottites. The 
order of elements chosen in Fig. 3 is a modification of the standard "spider diagram" that removes 
volatile elements to facillitate interplanetary comparisons of melting processes and emphacizes the 
REE. A search through the literature shows that Sr anomalies are also common in lunar, ocean 
island (OIB), and convergent plate margin basalts. In the lunar case relative depletions in Sr 
correlate well with relative depletions of Eu -- the well-known signature of plagioclase 
fractionation. However, this not the case for the SNC magmas or for primitive terrestrial basalts 
that show weak or absent Eu anomalies and marked enrichments of Sr. Also, in many cases these 
positive Sr anomalies correlate well with apparent positive anomalies in Ba. Because Sr and Ba are 
non-volatile incompatible elements readily transported by H-C-O fluids (e.g., Gill, 1981) and 
because these two elements may be enriched even when the light REE are depleted relative to the 
heavy REE, it seems possible that fluids have played a role (metasomatic?) in the petrogenesis of 
SNC parent magmas as well as in terrestrial island arc and ocean island basalts. 



Fig. 3. Chondrite-normalized non-volatile incompatible element patterns for SNC parent 
magmas. Elements are arranged in order of increasing incompatibility left to right. ICM refers to 
assumed amount of intercumulus melt in whole rock. Pyx refers to magma composition calculated 
from pyroxene separate. 
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Silicate Liquid Immiscibility 

Silicate liquid immiscibility (SLI) remains a frequently invoked mechanism for producing 
chemical fractionations observed in some lunar highlands rocks. There is also petrographic evidence 
of SLI in highland breccias. Experimental work in this lab has shown that SLI is stable in 
plagioclase-saturated lunar liquids under isothermal conditions and has led to the development of a 
crude empirical algorithm predicting the size of the two-liquid field in evolved liquids (Longhi, 
1990). Results of calculations with this algorithm show that SLI is likely to develop during the late 
stages of post-ferroan-anorthosite primordial differentiation (wrKREEP), during extreme 
fractionation of the magmas that produced the high-Mg pristine cumulates, and also in the late 
stages of differentiation of KREEP basaltic magmas. These calculations demonstrate that both SLI 
and KREEP-like enrichments of incompatible elements would have developed in post-ferroan- 
anorthosite residual liquids only after the liquids became hyperferroan. Thus granitic highland 
rocks, which typically have mafics with intermediate Mg’ (Warren et al., 1983), cannot be related to 
post-ferroan-anorthosite (primordial?) differentiation. 

On a more mundane level the isothermal crystallization experiments in which SLI 
developed were all saturated with a silica mineral in contrast to the controlled-cooling-rate 
experiments of the Brown group. A second round of isothermal experiments on synthetic 
compositions with KREEP levels of Zr and REE were initiated to examine the discrepancy 
observed between controlled cooling rate experiments on natural compositions in which a silica 
phase did not crystallize (Hess et al., 1975; Rutherford et al., 1974) and isothermal experiments on 
similar synthetic compositions in which a silica phase did crystallize (Longhi, 1990). Silica is 
present in all of the new experiments in which SLI is observed, thus supporting the contention that 
the absence of silica in the SLI-bearing controlled cooling rate experiments was the result of a 
nucleation failure and not an equilibrium effect. 

Massif Anorthosites 

The goal of this project has been to study the seemingly polybaric petrogenesis of massif 
(Proterozoic) anorthosites as possible analogs of lunar anorthosites. What the two groups of 
anorthosites have in common is intermediate Mg/Fe in mafic minerals indicating that their parent 
liquids were probably evolved from more primitive magmas, a relatively limited range in 
plagioclase composition suggesting suspension and accumulation, and separation from their mafic 
cumulates that is at least on the order of crustal thickness. To be sure there are many significant 
differences — plagioclase composition, tectonic setting, and areal extent — but what is more 
important than the obvious differences is the development of tangible models of large scale 
anorthosite petrogenesis against which the limited contextural information but extensive mineral 
and chemical data base of lunar anorthosites can be compared. The incentive for developing 
terrestrial analogs has increased as diversity within the ferroan anorthosite suite has come to the 
fore (Warren et al., 1991) and as detailed geochemical models have suggested that ferroan 
anorthosites may not have crystallized directly from a homogeneous magma ocean (James et al., 
1988). This latter situation is ironic: although the concept of a magma ocean was originally 
developed to explain existence of lunar anorthosites, it is possible, now that there is independent 
indication of the existence of a magma ocean formed by a giant impact, that lunar anorthosites may 
not have formed directly from a magma ocean, but rather from its aftermath. In any event, whether 
ferroan anorthosites were passively accreted to the bottom of a crust floating atop a magma ocean 
or whether ferroan anorthosites formed in plumes of plagioclase mushes detached from stagnant 
bodies of melt too dense to erupt on the surface, it seems prudent to investigate terrestrial 
anorthosites in parallel with lunar anorthosites even though terrestrial anorthosites may not prove to 
be exact analogs. 
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To date we have worked on the melting relations of hree compositions: a powdered rock 
sample of anorthositic dike from Nain proposed by Wiebe (1990) to be an anorthosite parent 
magma, a synthetic glass with the composition of the averaged high-Al gabbros that intruded the 
Harp Lake anorthosite complex and which Emslie (1980) had proposed as likely parent magmas, 
and a powdered rock sample from the chill margin of the Bjerkreim-Sockndal intrusion in 
southwestern Norway. The purpose of studying these compositions was threefold: first, to 
determine the plausibility of the three compositions as quenched liquids; second, obtain crystal/melt 
partition that would allow us to constrain the compositions of the liquids from which the 
anorthosites crystallized; and third, to generate multi-saturated liquids in the range of 5 to 15 kbar, 
as a basis for constructing liquidus phase diagrams that would help constrain the origin of the 
liquids parental to the massif anorthosites. 

Results from (Fram and Longhi, 1992) show that the anorthositic dike has such a high 
liquidus temperature (>1350° C) at crustal pressures that it is unlikely this dike was ever 
completely molten. The plagioclase composition data tell a similar story: the near-liquidus 
experimental plagioclase (An60-67) at upper crustal pressures are distinctly more anorthitic than the 
most anorthitic cores of the zoned natural plagioclase reported by Wiebe (1990) or analyzed at 
Lamont. Examination of all of the anorthositic dike compositions published by Wiebe reveals that 
there is wide scattering of compositions that cannot be attributed to addition or removal of 
plagioclase (Fig. 4). In fact some of the compositions, noritic anorthosite and troctolitic 
anorthosite, appear to be those of adcumulates. The overall anorthositic compositions of the dikes 
suggests intrusion of plagioclase-rich suspensions or mushes; the wide scatter in projected 
compositions indicates migration of the interstitial liquid relative to a matrix of plagioclase and 
mafic minerals. Thus, in general, the dike compositions do not represent simple suspensions of 
plagioclase in liquid. 

Fram and Longhi (1992) showed that the high-Al basaltic composition (HLCA) has 
plagioclase, orthopyroxene, and augite coexisitng on the liquidus at ~12 kbar. At this pressure 
there is a good match in Mg/Fe and AI 2 O 3 concentration between the most magnesian experimental 
and natural aluminous pyroxene megacrysts, traces of which are found in nearly every anorthosite 
massif. Fig. 5a compares the AI 2 O 3 and CaO concentrations in megacryst and matrix opx from 
Harp Lake with those produced in isobaric experiements: there is apparently a strong dependence 
of Al 2 C> 3 with pressure, but not CaO. The AI 2 O 3 concentrations of the megacryst and experimental 
opx match at 11.5 kbar — the same pressure at which HLCA is cotectic. Fig. 5b shows a reversal 
of the AI 2 O 3 concentration in the experimental opx (Longhi et al. (1993). Thus the pressure- 
dependence of the AI 2 O 3 concentration is well-calibrated. Additionally, solute-rejection calculations 
by Longhi et al. (1993) using Cr, a compatible element, coupled with Al, an incompatible element, 
indicate that the positive correlation between high-Cr 203 and high-Al 203 concentrations observed 
in the megacryts are unlikely to be the result of rapid crystal growth or a failure of plagioclase to 
nucleate (e.g., Morse, 1982), because these kinetic processes deplete Cr in orthopyroxene while 
enriching Al . Fram and Longhi (1992) also showed that at upper crustal pressures, the liquidus 
plagioclase (interpolated) of HLCA is close in composition to the most calcic plagioclase reported 
at Harp Lake; however, at lower crustal pressures the liquidus plagioclase is similar to the most 
common plagioclase compositions at Harp Lake. This similarity is consistent with most of the 
plagioclase in the intrusion having crystallized at the same pressure as the opx megacrysts (~12 
kbar) and thus having intruded upwards in a mush or suspension carrying the megacrysts along. 

Mass balance indicates that as much as 80% plagioclase needs to be added to HLCA to 
account for the composition of the exposed portion of Harp Lake. Somewhat less plagioclase 
would be necessary, if the unexposed, lower portions of the complex were less anorthositic as at 
Michikamau (Emslie, 1970). Nonetheless, high proportions of crystals to liquid would still be 
required to keep the plagioclase from back-reacting to more calcic compositions as it intruded 
upwards. Longhi et al. (1993) have used contiguity theory (German, 1984) to argue that a 
suspension of up to ~ 70% plagioclase may maintain liquid, albeit highly viscous, rheolology 



8 



Fig. 4. Projection from plagioclase component onto the olivine-wollastonite-silica surface; 1 -bar and 12 kbar boundaries are based upon results 
of 500B and HLCA experiments; 3-kbar boundaries are interpolated. Liquidus field labels refer to 1-bar boundaries. Compositions of 
leucotroctolite dikes are shown as shaded circles, leuconorite and anorthosite dikes as open circles. 





f ‘ ^ 2< ^ 3 and concentr ations (wt %) in orthopyroxenes, a) Open circles- SDOt analyses nf 
exsolved matrix orthopyroxenes from the Harp Lie Compli- shaded cirS 

composition of opx host with augite lamellae from Harp Lake- vectors indicate mixin^nfthc 
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boxes°a lt '° r p" (198 ° ); ex P erimental d ata from Fram and Longhi (1992)% shaded 

boxes as in Fig. 3. Filled squares: random spot analyses of orthopyroxenes produced in nnlvharir 
experiments; open circles = core to rim traverses of single ciystals^ 
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(no deformation of the suspended crystals); whereas higher proportions plagioclase would be 
subject to solid state flow laws involving deformation of the crystalline matrix of plagioclase and 
thus incrreasing the viscosity very abruptly by several orders of magnitude. Taken together, the 
results of these investigations are consistent with a polybaric origin for massif anorthosites by 
upward intrusion of plagioclase-rich suspensions or mushes generated by floatation in deep-seated, 
magma chambers. Such scenarios were discussed for lunar ferroan anorthosites by Longhi and 
Ashwal (1984). However, a second stage of plagioclase enrichment would be needed to produce 
true anorthosites, both massif and lunar. New field work in the Laramie complex by Scoates 
(1992) shows a positive correlation between modal plagioclase and deformation. This observation 
suggests that solid state anorthositic diapirs may have developed within the cumulate piles of 
somewhat less anorthositic magma chambers. Such a phenomenon may explain the extremely 
plagioclase-rich nature of some lunar anorthosites (98-99% plagioclase). 


The second formidable problem facing the polybaric model for terrestrial anorthosites is the 
petrogenesis of massifs with average plagioclase composition in the range of An 40 - 45 . An evolved, 
but broadly basaltic magma (e.g. HLCA - above) is a plausible parent magma for more calcic 
massifs, such as Harp Lake Emslie (1980). However, if the difference in average plagioclase 
composition were solely the result of the pressure effect on Ab-An partitioning, then the parent 
basalt of the more alkaline anorthosites would have ponded at the implausible depths of 50 to 70 
km. One might suggest more extensive fractionation of the basaltic magma at depth. Perhaps, but 
not in the presence of plagioclase because Sr in the plagioclase from the more alkaline Norwegian 
anorthosites is 30 to 50 % higher than that in the more calcic Nain anorthosites; and Sr is highest in 
the most sodic plagioclase — that from the Labrieville Complex (Emslie, 1985). Perhaps, the 
connection is a little more subtle: if similar basaltic magmas pond at different depths, then the 
magma that ponds at the deepest level would undergo the most extensive fractionation prior to 
reaching saturation with plagioclase — at which point anorthosite formation begins. Such a 
mechanism might account not only for more sodic plagioclase, but also generally higher levels of 
K, Ti, and P in associated rocks. 

In order to address this problem, we have examined the liquidus equilibria of a primitive 
monzonorite ("jotunite") from the Rogaland district of Norway. This rock (Tj) is part of the chill 
margin of the Bjerkreim-Sokndal (B-S) layered intrusion which is itself part of the massif. The 
composition of this rock has been proposed as that of the parent magma of the B-S intrusion 
Duchesne and Hertogen (1988) and of the associated swarm of dikes with composition ranging 
from monzonorite to monzonite (mangerite) to quartz monzonite Duchesne et al. (1989). More 
importantly, compositions such as Tj have been suggested to have also been parental to the 
anorthosites at depth (Duchesne (1984). Some results from Vander Auwera and Longhi (1994) are 
shown in Fig. 6 . At 5 kbar the inferred crystallization sequence — plag -» plag + ol -» plag + ol + 
ilm -> plag ± ol + ilm + opx — is identical to that observed in the most primitive cycles of the B-S 
intrusion, and the compositions of the olivine and plagioclase are similar to, albeit slightly more 
evolved than, the most primitive compositions observed in the intrusion (Nielson and Wilson, 
1991) . AI 2 O 3 concentrations in opx are also consistent with crystallization at P < 5 kbar. So the 
parent magma of the B-S intrusion was a slightly less evolved version of TJ. Plagioclase and 
orthopyroxene appear together on the liquidus of TJ from 10 to 13 kbar, where clinopyroxene 
joins them. So these pressures represent the logical choice for the genesis of TJ by melting or 
fractionation processes. This pressure range is also that predicted for the origin of the aluminous 
orthopyroxene megacrysts found within the anorthosites proper. 

Fig. 7 from Longhi and Vander Auwera (1994), which shows the relations of mineral and 
liquid compositions, poses a dilemma, however. In Fig. 7 parent magma compositions are shown 
to project from the plagioclase component close to the plane of pyroxene compositions at 13 (Tj) 
and 1 1 .5 (HLCA) kbar. There is a thermal maximum on the plag + opx + aug liquidus boundary 
where it crosses the plane of pyroxene compositions as indicated by the arrows showing the 



Jotunite (TJ) liquidus phase relations 



duiax 


Fig. 6. Temperature (° C) - Pressure (kbar) melting relations of jotunite Tj (80,12,3A). Symbols: pi = plagioclase; ol = olivine; ilm = ilmenite; 
Jpyx = low-Ca pyroxene; cpx = augite and/or pigeonite; gar = garnet. At 1 atm only experiments run at MW are shown. 
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{ P 1 , 1 1 m> 

oxygen units 



oxygen units 


{PL-IL} 



Solid squares are 13 kbar liquid compositions Sed lmes H' 01 - w o-Qtz plane. Upper: 
pyroxene compositions (open circles); l Pyx " refe^s to fow Ca nv ^ 1 " 65 c ° nnecti ng coexisting 
pigeomte. Shaded oval is bulk composition of Ti/^ui?c C pyro ^ ne ’ eith er orthopyroxene or 
Shaded oval is bulk composition of HLCA. J ’ ^ uare ,s ^ kbar liquid composition. 



. 13 

nl" e r" 0fde , Cr r n ^ tem P erature - Adjacent to the thermal maximum are thermal ridges on the 

mnfe TI P fl nH P - * g + Il£ P du , s surfaces - lt shou,d be clear, therefore, th™n ^his pressure 
f Y, Md j m 3 ar com Positions lie on the "thermal high-ground" — a peculiar situatio P n fnr an 
evolved liquid. A similar situation exists for the more mafic Harp Late parem HLCA Th™ 
ne,ther composition is likely to be reached by fractionation or even^similahon plus factfonluon 
(AFC), because assimilation requires crystallization to nrovide th P rra coonation 

theDvroxe tl01 l W l 11 the . Iiquid com P°sition away from the thermal divide. At lower pressures 

siL P l^ to HLCA^fnTT 5 ^^ dlVldC dlsa PP ears ’ 50 ^ Processes can produce compositions 
C H ' vV CA . d T J’. but t he ran ge of primitive basalts is highly restricted becauseanother 
thermal divide, ol+aug+plag, develops as soon as opx+cpx+plag disappears. The coineidence of 

,^ J.n! , S SI f n l r,C , a, l t amounl ?.° f that both lie in thermal divides at higher pressures and 
are multi-saturated at the same higher pressures with crystals of the appropriate composition is 
rendered even less probable by the requirement for AFC to take place in the cooler middle crust It 

thus appears that a variant of the lower crustal fusion hypothesis for the origin of the anorthosite 
parent magma is most consistent with the data. B anortnosite 
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rang, from L2» to <Mmp ° slU ° ns 
complexes may represent nn<s«ihi lkeS found 111 anorthosite 
complex in Labrador rnntat 6 ^ )aren ^ a ^ magmas. The Main 
Weibe ( 1979 ) whirh h t ^ I1S anorthositic dikes, described by 
anorthosite^utcms 1 ^! 1 C ° m ^ osl * lon to thj 

Labrador and described by Emslie (198(?h ^F° mp]ex ' 3130 111 

«• on a UP ? 20 

sample representing an average rfth*. „ es r {5 °°® ) 311(1 a synthetic 
gabbros (HLC-A). Sample 5 S 00B crv^rtm ? gh ' AI dikes 311(1 
plagioclase (An47-60) between 1 atr^an^n^K 5 ge amount of 
temperatures over that range 136? to 1410 °^ bUt *** Uquidus 
high for 500B tr> t*™ t- k ’ °°° t0 1410 ’ 366111 unreasonably 

appear a^p^Ta^^X £? ZT 
pigeonite. which suggests 500B i«Ta T ? 15 dominated by 

with only accumulated plagirclase S?? ? Cr 01311 a Uquld 

substantial volume of plagioclase' (A ^50 6f)) Jf * A C f stallizes a 
between 1 atm and inthK s lAn50 60) alone at pressures 

phase which is olivine at low h ^ turatlon a second 

pressure. At 15 kb low ra P e 311(1 low ' Ca Pyroxene at high 
Uquidus phase CalcXoonfT^f 11 ® rCplaCeS P^ 0 ^ 36 as £e 
pyroxene and 10% olivine to HLC A eS? adding 30% low 'Ca 
to basalts equilibrated wi£ SSotSf T 1? 

Takahashl and Kushiro flQ#S r , 15 ** experiments by 
synthetic analogue 0 f? e hS, , experiments on a 

Our resultl L™ . J Ca P^ 116 fo ™s at 15 kb. 
production of oarenm?™^ 0 ? 3 ^ fractl onatlon model for the 
melts cXSlHS ZS t anorth ° a ‘“- Mantle 

nse. the Phase^un^S^shm^, 311 ? tten “ the “*8mas 
component with falling pressure causin/th™™ the plagloclase 
oversaturated with plagloclase. ' Slng e “agmas to become 
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Dynamical Welling Models for the Encrite Parent Body 
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eucrites including lsobanc^arri^l Sch f mes have been proposed for 
crystallization, ifiis paper examinTtf ^ 8 P oI y baric fractional 
polybaric porous flow melting of smanT ° f th ^^ 0nsequences of 
compositions similar roTh? , parenI with 
(EPB). A regime of porous flo^^w for ** eUCTite parent ^ 
amounts of external and radiogenic henri PreSUm r exjst a ^ ter ra °desi 

of a magma ocean (no insulating m.cr^ 8 ° r afterra P id solidification 
bracketted by two endmember mcSk- ' TrUC P ° rDUS flow meldn g wa< 
fusion in which a fuSnnnf”? , 0 ^ was fractional 
the decompressing source eac^iS?^ 1 ™ meIt Was removed from 
accumulate; the odter was proSessWe n^f CP ^ m ' nd t0 
which the source maintain^! iS2 ?' rdeaSe melting in 
accumulation of melt These J Si d f pite extraction and 
significandy different C S ldea ? 2ed modeIs Produce 
operating over 1 or more GPa! somt accumu J? ted mel t only when 
approximated by either riSS 6 P ° r ° US flow ma y ** 

For a variety of initial low ' pressures likely on the EPB 

ferroan soScc onl y ^re 

eucritic melts The oressT.rP rhiV Mg/ jMg+Fe) < 0.7, can produce 

composition of the Lcur^hreH ^ ** lnferTed from the 

of the flow regime, so the proximin/ ? mdar t0 1116 avera ge pressure 
suggests a flow regime correspond^ t0 1 atm cotecdcs 
porosities (-10%) are required^ ° ~ GPa ‘ Relad vely high 
piagioclase in the source^d^limm^ht suffic ! ent _ meld ng to exhaust 
Porous melting over a wider negaave Eu-anomaly. 

With a less aluKus s r^ce ( °' 5 GPa) or 

Relatively hiWi desrrppc produce diogemne magmas. 

siderophileel^Knf'fracdonadons^in^^ 0 ^ 1 ^ f ° r *' EPB Stored from 
inferences from this studv are ^ S m eucntes together with the 
for the EPB; an initial meW evernfma ^ * muJ 0 d ' Stage evolution 
core formation and separation nf r>r ^ magma ocean? ) during which 
a subsequent porous flow re pimp ■ V jf ie occured at depth followed by 
follov^g the aSffiK" ^^ore ferroan outer residuum; 
as iasge * ^ 
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Plagioclase/Melt Partitioning as a Function of Pressure 

M S Fram ^nd J Longhi (Lamont-Dohcrty Geological Observatory 
of Columbia University, Palisades, NY 10964) 


We conducted melting experiments from 1 bar to 30 kb on two dike 
compositions associated with Proterozoic Massif anorthosites. One 
composition (HLCA - high aluminum gabbro) has plagioclase on the 
liquidus to 1 1.5 kb; the other (500B - anorthosite) has plagioclase on 
the liquidus to >20 kb. Along the liquidus of each composition there 
is a systematic shift in the plagioclase composition with increasing 
pressure. For example, in 500B the liquidus plagioclase changes 
from An 80 at 1 bar, 1365°C to An 55 at 20 kb, 1420°C. These shifts 


occur at relatively constant liquid composition. In order to separate 
the effect of increasing temperature from pressure we compare the 
observed plagioclase composition to the predicted composition at 1 
bar and experimental run 
temperature using the model of 
Drake (1976, GCA, 40) There is 
a m irked divergence between 
the observed and the calculated 
plagioclase with increasing 
pressure that is approximately 
linear. For 500B the slope is 
-1.12 An units per kbar. The 
strong pressure dependence of 
plagioclase melt partitioning has 



consequences for models of massif anortnosnes, which typically 


have intermediate plagioclase. A number of studies have suggested 
that the parent magma for the anorthosites is basaltic. The present 
results show that basaltic liquids that crystallize calcic plagioclase at 
low pressure will crystallize more intermediate plagioclase at lower 
crustal pressures. Transport of this intermediate plagioclase as 
crys.al-rich suspensions to upper crustal sites of intrusion may 
account for the calculated low pressures of intrusion and the 
intei nediate plagioclase compositions of massif anorthosites. 
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formed whenTefe ekSs am IS ? con ? der l?' P a “«m> 
incompatibility and to diemec th P otte< * ln order of apparent 
incompatible W V Ba ?h ^ L P T? on,?™ 5 of hi 8 hI y 
incompatible (MI = Hf, Zr middle REFi 1'$' RE u ’■ raoderale| y 

Lureless) ^S^^S^,?y I ? t . patten,s pearly «« and 
of course,' has lgne ° US histor y • Earth, 

incompatible element patterns- hm fhp magma k C j tyles and hence 
ocean ridge, ocean island T abundant basalts (mid 

featureless patterns that vt^nl? f ° kon I ati , itieS have relad vely 
depletion of the HI element ° f r l e adve enrichment or 

these basalts come from sources wkhT*no S f! S Sh ^ W , that nearly dl of 
elements, so that HI element pnnVHm ? ng tern ? depletions of the HI 

igneous process, probablv small ^° tS mu | l be due t0 some recent 
porous flow. Overall HI element enrirf^ 665 ° f , me tin S coupled with 
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mobility of plagioclase during elements, which reflects the 

most fa^ourHowever S 2 Unar ^^miation, being the 
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POLYBARIC FRACTIONATION AND THE CONNECTION 
BETWEEN HIGH-AL GABBRO AND MONZONORITE 

ttca \ ^ Lamont- Doherty Geological Observatory, Palisades, NY 10964 

B20 wera (LA G ^ olo 8 ie ’ Petrologie, Geochimie 

B20- University de Liege, B-4000 Sart Tilinan, Belgium) 

, . T h u^ e u iS A? ne , ar continuum in major and minor element composition 

Labrado^m ^ ferrodiorites from the Harp Lake Complex of 

Laoraaor L1J- This continuum is overlapped at intermediate MeO 

concentraaons and extended to lower MgO and higher Si02 by monzoLritic 

~ f™ 1 ". Rogaiand Comp, lx of No Ja y pT ^™p“e™ 0 

fnlrf^u 8 Mg ° (l ‘ e " P ro 8 ressive differentiation), A1203 decreases, Si02 
initially remains constant and then both increases and decreases P205 shows 

foHo^dT rall H enriC H hment 111 1116 Harp ^ suite ’ but a precipitous increase 
“ by a shar P decrease m the Rogaland suite, Ti02 and FeO first increase 
then decrease, and K20 increases. The compositions of liquids produced in 
melting experiments on two starting materials, a synthetic high-Al gabbro 

SSffltoS S d R r0Cl l P0Wd c er / r0m ** gained LnzonoriSc 

marginal facies (TJ) of the Bjerkreim-Sokndal Lopolith, generally fall alone 

parent ?°d UOns of tbe ? e trends and support a connection between a gabbroic 
hmphL d monzonontlc derivatives. The connection, however, cannot be 

decreased t?o? ^ ment ’ s variation seems straightforward: the sudden 

ilmenhe w?rh ! 8 ^ at abo “ r 4 M 8° * due to the precipitation of 

llmemte. With decreasing MgO, Si02 in the HCLA liquids remains 

approximately constant, but the TJ liquids produced at high press ™?n 
^ raphlt h e capsules show a weak decrease in Si02, whereas those § run at 1 bar at 
° show an increase. This difference in behavior is due to the early 

state menial ™ ag ? e P te m the . 1 bar experiments, so differences in oxidation 
in"L Play ii r0le m deternunm 8 fractionation paths. There is insufficient 
m gabbro to account for the K20 in the monzonorites by simple 

^ St mf a h°c* S °’ a$ iS ° ften d °? e 111 ^ case of con vergem margin 
1 r t _. ls necessary to invoke crustal contamination. Among 
Rogaland samples [2], Sr isotopes also show crustal affinities but lack of 
correlation between Is r and K, Rb suggests that if contamination occurs it 
cannot be simple. Fractionation, even coupled with crustal assimilation’ is 
a e y ,° explain the sharp drop in Si02 and the sharp increase in P205 
observed in the natural samples. Flow differentiation within the monzonoritic 
dikes and migration of the interstitial liquid with respect to T cwsSlUne 
matrix of low-Ca pyroxene, ilmenite, and apatite seem to be the nwst likely 
explanations of the low-Si02/high-P205 trend. Y 

observations support a complex connection between high-Al 

It 8 tT,rkb^f,r r ‘ te hK Cti ° nal crystallizati on P^s crustal assimilation 
at 8 to 12 kb links the gabbroic magma to the more primitive monzonorites- 

higher level differentiation produces the variations in the more evolved 

^ aZ ° n ° rites “jf s y en ptes. This connection is also consistent with a range of 

SwI^nhZes 8 8abbr ° “ monzonortK P^ing a range of 
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KB OF THE MONZONORITTC TJORN CHILLED FACIES -IMPMr^TlnMj 0 16 
the BJERKREIM-SOKNDAL LOPOLITH (SOUTHERN NORWAY^ F ° R 

SSSi'ra 25 ( P 3Tp C r “a S 

occurrence in the contact aureole whereas 141 an-npHrhl*^ ° f the osumilite 
quartz assemblages in the uDDer narr nf thl R - 8U f d 0 1 rtho Py roxene *fayalite- 
pressure of 6-7 kb. £c7orZf o m OT2 ‘ OP ° Iith S ‘ ve a 
chamockitic upper part of the *“ 

ss. ^ 

S™ f D “~^ ‘ Wd composition's ^more^elLbl^test 

mmmm 

Xi e Bk P S P k a g °° d Candidate f ° r the parem ma 8 ma of cycles MCU III 

fractionation treiSsTn^lh^rang'e'sw^o^ WMgO^'-no’I’ftfM * Sh ° W consistent 
sharply decreases due to ilmenite crystilizadoS plos" K20 StTpeO V ' h w 

k=^HSS= 
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P ^^^ a c^<sa'- Lkiuid partuio " in « «* 

1 TOM; 9I4-359-2900 ^59)°* O ^' Ca * 0bservator 5'- Palisades m 

Melting experiments on synthetic low-alkali (lunar) picritic 
compositions in iron capsules at 25 to 35 kb illustrate many of the 
predicted effects of pressure and composition on liquidus 
M Un r^^ S ,^ d coefficients. For example, in liquids with 

Mg [MgO/(MgO+FeO)] ~ 0.5 and saturated with olivine (ol) and 
orthopyroxene (opx) the normative olivine content is higher than 
in similarly saturated melts with Mg’ = 0.7-0.8. At 25 kb the 
compositions of ol+opx-saturated and oi+cpx+gar- saturated 
lquids require that opx, but not ol, is in reaction with lherzolitic 

amount Of 7 hq + m PX = ol + C P X + «“)• This means that the 
exhausted PX WlU increase wuh meltin g until cpx or gar is 
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2. 000066816 
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Lamont-Doherty Geological 
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(b) 914-359-2900 x659 

(c) 914-365-3183 

4. V 


The simple molar partition coefficients (D*) for AbOa 
between opx-liq (0.4-0 15) and cpx-Iiq (-0.6) at 2J to 30 kb ail 
approximately 4 times their 1 atm values, whereas D* for TiCb for 
both opx-liq and cpx-liq (~0.1) does not change with pressure. 
Ukewise Kp vafoes for olivine (0.30-0.35) are close to 1 atm 

Sn 5 -33 m ! unar basalts - Kd values for opx (0.28- 

„' 3 / A a P^ Cpx ,f' 0 ‘. 30 ' ) Rightly lower than ol values; but Kn for 
o S -^ 1SU u Cdy hi g. her - Cr 203 is highly compatible in gar 
{u - 2.6-3. 3), whereas TiC >2 is incompatible (D*=0.22-30). 

These preliminary results are in accord with estimates of 
the composition and pressure dependences of liquidus boundaries 
made by Longhi (1992) and support the derivation of picritic lunar 
magmas by polybanc fractional fusion H 


Ref: Longhi (1992) Proc. Lunar Planet. Sci. 22, 343-353. 
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Stability 3 ' FUiTd 03 C,inopyroxene on the Solidus in the Garnet 

***' (Umont - Doh -y Hanh Ob,. Palisades, 

e-mail: Ionghi@lamont.ldeo.columbia.edu) 

anhydrouf g P i r ass SU + crystal mb?™"* 5 ^ ra P hite . capsules) on 
compositions show that a low Ca clinnn 65 Wlth modlfied mantle 
orthopyroxene, and With gamet ’ 

kbar. Bracketting runs constrain the^Hnn? d mande solldus at 28 
9.0 wt% CaO and ~ 7 wt% AbO? ™ ‘nopyroxene composition at < 

observed in clinopy^e^ 2 m tff ValueS "* Iess than th ™ 
orthopyroxene, olivine^ Sel at 23 kha^ 1511 " 8 W “ h Spine1 ’ 
content of clinopyroxene decrease, d - SUggCSt that the Ca ° 

mantle solidus. Also, clinoDvroxeneV^ 635102 pressure the 
continuous in the range of 9 kTi 5 % Ca°r? P i 0Sltl0 i! S ^ a PP arentl y 
liquidus curve. These observarLf 7 Ca0 . alon g the ol + gar + cpx 
of Bertka and Holloway IJGR in n/ c ° n ^ lsteat with the predictions 
terrestrial mantle ^oHdtVw^ 1)16 tem P erature of the 

clinopyroxene solvus at ~2S lfhar * i?- n t0 exceed that of the 
clinopyroxene. Mddne a ^“Pcal low-Ca 

kbar and lunar competitions at 25 and MklS'rT 1 ' 1 ' l 3 " 3 ' 0 ® 5 at 23 

of anhydrous mantle assemblages Tt Tgh preS!' 5 ' * 8e " Cral feature 

be ol + t^>^ C gar^ora n + C Ua S af" ‘ h ? rcactlon at 28 kbar to 

less magnesian 8 lunar assembhiee Thk^ltn C 2f e f ? r the same - b “> 
orthopyroxene will increase wifh ... 1S mC - ans tbe proportion of 
The array of lunar uhsSfSL™ lh P ro 8 res ?> va melting of peridotite. 

° PX ! ^ Kel°fmeoU ** 

at 28 k J **% 

clinopyrox^SfofS 1 ^ ‘S “ f ?• a „ nd A1 *°3 in 

onhopyroxene and/or mo ^* SU i . at at higher pressures 
solidus, depending on L clino P^°“" e “ *■= 
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(^m^n^Dohe^E^^^er^at 0 ^p^ S 2 j e ^ ( ^ f . ! ^^^ rF ( j^^ R ^HOSrTHS??? J, Longh, 

mamk origin with a variable signature of cmstal coniSon feTftT '“ SU8gcs ? a " “Kiroate 
[2] has shown that the average hieh-Al gahhrn mm™ v tt^* ’ Recent experimental work 
(opx+cpx+plag on the liquids) ^ P] * multi-satum?ed 

of the opx megacry sts and plagioclase similar to r? hniif ??? ? com P osltl °ns similar to those 
recent work on a jotunite (Tj) from fheTn™ w n ° f *5® P la S 10clase in the complex. More 
being a suitable parent for the Bjerkreim-Sokndal (RkSm? has , shown that this rock is close to 
would slightly more magnesian andTalck Dati from hi 'T?™ [4] ~ the ideal parem 
saturated with opx+cpx+plag at - 13 kbar and that ™ W0I J also sh ow that Tj is multi- 
compositions at this pressure are in the ranee of the mm£ X PP m ^ and plag (Ana?) 

"phenocryst" compos., ions observed 

composition to HLCA and a slightly more priratwfri r^v ha f' [5] ’ Thus lic ( uids similar in 

lo a rt n h° r Sit£ P etr °g enesi s in the lower crus^ A cSraint t reSld , UaI t0 the earJ y 
anorthosites parent magma compositions lie alone liauid Jin^ h f ° mant,e derivation is that 
have shown previously that this is not the case for Ti^TiTs ntnr? 01 fo [P rimitiv e basalts. We 

at^nw 0 aSC ^d pyroxene compositions at 13 kbar lmplvine^that Tnl C ° Panar Wlth its lic l uidu s 
at lower crustal pressures [4], Re-examination of the data of m ch™ ° f near . a therma l divide 
HLCA at 11.5 kbar. Thus neither composit^n is like W m hi , S ^ t Imilar station for 
fractionation plus assimilation (AFC) because ascimii^- 6 y t0 be reached by fractionation or 
heat of melting which will drive the liauid mm!!v requires crystallization to provide the 
pressures the pyx + p, ag the^I divMe^/sap^^ the the ^ d -d e P At low/r 

similar to HLCA and Tj, but the range of pnmitive basalts^s hfahf S Can P roduce compositions 
thermal divide, ol+aug+plag develons as , ltS !? hl S hl y restricted because another 

yielding significant amounts of liquid that both ^es ? m a^hemaTd ' Th ? co,ncidence of AFC 
appropriately multi-saturated at the same higher ^ressureTmnd J 5 at a h ! gher P ressure and * 
requirement for AFC to take place in the coolfr S cmst eVen le$S probable b V the 

data: Large^on^^ntms^onl ^o?bLa™ S |?o^ — * s . m ° St with the 

extract, a rapakivi granite component from ? eC enU v £ C re eT S St3ge of meItin § which 

rnm drOU ^ Pj a § loclase + pyroxene residuum enriched in Sr and Fn r ?T Cr CrU » and leaves an 
continued heating produces a second stage of melt rhll ^ reIa lve to Rb and the REE; 

pyroxene+plagioclase thermal divide and thal has at best a smli? C ° Se t0 0r within the 
positive Eu-anomaly. Modest degrees of partial melHnanrL . negative, or perhaps even 
composition of high-Al basalt 1 sue? Cds”e pienTal to IS Whh the ^ a Jor element 
plagioclase (e.g.. Harp Lake [3]); lower deer^s nf^T, anor \ hosit es with more calcic 
a2r Ce ntrations of K, Ti, P, and other incompatiWe ek^imT— ^ch 1 p dU ^ bqUids with hi gher 
are parental to anorthosites with more sodic plagioclase fe e nnS? * qU1 ^ S u pnmitlve J otun des) 
[5]). However, there remains a need for mechfS the R °g a land massifs 

plagioclase crystals in order to produce anorthosite i - u nt of the parental liquids with 

»i'l have AI 2 0 3 concenriaK n°,^ ,ic mells °f ‘he lower 

nog) 0 //'' Duc hesne J.C. (1986) Chem. GtY»( h J7 "67-179 l?l F D " Wei « D , 

J.C. a„d Maquil R. K,' ^ J" P-. [5] Duchisne 

PP- 7-17. [6] Taylors. R. and McClennon S. M. (,985) 
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magmas undergoing near rvrf,,,l , ’, “ no pi 8 eonite will crystallize This sim,,;^. ™ * lue before the 

^“'.‘“■‘O" w 'll 8 cause « S “i ^ ^ ” 

pigeonite became unstable. V °" ly 10 rea PP=ar in the latest staged of ciystSlSn whe^ ‘° 
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TABLE 1. Fractional Crystallization of Picritic Magmas 


Apollo 14 Yellow 
T(°C) VFX 
1350 0 fo7g 

1346 1 fo 78 , crmt 

1126 39 fo 54l (crmt), Wo 35 En 39 

1091 46 fo 48 . Wo 3 4 En 3 5 . Angg 

q? f° 46 ' W ° 34 En 33 , An 87 , ilm 

1043 83 foi 6 . Wo 35 Eni 4 . An 80 , ilm 

Apollo 15 Red 
T(°C) VFX 
1254 0 fogo 

1248 1 fogQ, emit 

1207 10 fo 77 , emu, arm 

1136 30 fo 67 , (arm), ilm 

1132 31 fo££, ilm, Wo 33 En 4 < 

ml Z ? 63 ’ f - W °33En44.An 88 

f°28> ilm, Wo 3 gEn22,An7 8 
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1244 8 fo 78 , crmt, arm 
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7s r° 52, ?“* W °35 E "36.An 90 
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Figure 1. Ti0 2 versus MgO in 
mare basalts and picritic 
glasses. Dashed lines are 
partial liquid lines of descent 
calculated by the method of 
(3). For green and yellow 
glasses, liquids are saturated 
only with olivine and 
chromite; for red and black 
glasses, negative slope 
represents liquids saturated 
with olivine and chromite, 
positive slope indicates 
olivine, chromite, and 
armalcolite. 
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5j*“« •»«■*> °< *»***' ,*,» oa 

JSSSSTS^ t, ' SUge meltin 6. extreme fractionSon of ,s f ev \ dence *" large scale mantle 

component (a granitic' cnmT). mantle metasomatism, and possAlC CoTn.^H ,?■ ,0n f- tenn ^ REE-enriched 
of martian magmatism is intermediate between that of the mL, ^ u ^ melting. In some respects the style 

h “ raorc ^L^rSltT“ " d " ttSZXZr* *■ — — i 

normative, high-Fe, low-Al Liquids (2T As miX^ 0 " ^ ** . SNC p,naK magmas show ^ to be hpyerethene 
2.96) and viscosities are low (4-128 poise l^Fieur^ 1 calculatcd Cities of these liquids are high (2 75 

Olivine component onto the Opx-Pl-Wr P Iaie Ae uLld^^H ’ iqU ‘ d impositions projected from Jhe 
compos, uons at low-pressure; ^ow, show ^cuon W°pn*ic for this general dSs of 

petrography: olivine and pyroxene crystallize earlv «i i tempcrature * Th e diagram is consistent with the 
different from »««„, MORBvT 'T (,)i “■ p.rSn^ 

peojec«d SNC peren, m.pn, T pl. g .oclu, cryolite erty. n,.™ 

basalts and terrestrial basaltic komatiites; the sherzottite m ° re extemive ^e of lunar mare 

by a^ew S-pLJ’liSSS "“a" 1 repr « e ^°*^ 

rei;,e,;“”^r:', “ rs - f rjsrr, 

.sotopic data discussed below show theE- to SL 8 ^ * dcpleted “ *'• Geochemical and 

“ c ~ by - 

^ 

a rapidly crystallized matrix (5). The closed f i • C 012111111115 a “gite and minor olivine crystals ser in 

St *»* ‘ ^ -~mSLn of *7 “f *“"«« ” *« 

T ST ‘“ , “ i ™* PP* 1 * W eelculS, D ^ ■T“ 1 of lie eenute eryrJS 

(6) and the partition coefficients of (7); this calculati^? T ^ IS * d Up ° n the imposition of Nakhla ausite 
Patte ™ « similar and migration of intercunX 

hght of the e Nd value of +16 (6) which require, that to soSeXE, fracUonau ( on * truly remarkable in 

sometiung similar to the EETA79001A pattern in Fiz 2B X.^.r u pattCrn of light REE depletion, i.e. 

Nakhla parent liquid (N) evident in Fiz 1 (PI is th« 8 Ai kI Com P oundln 8 die situation is the low A1 content of the 
garnet, which is the most effective REE fraction^* “ mp0n f ,t >- ^ M “"tent is sufficiently low Jf a[ 

nmgma's source region; niether is there ^ beC " * rCS ‘ duaJ P hase » L paren 

diving strongly light-REE enriched magmas fromTSt REE S i a “ 8,te “ Iow P«««. problem of 

Ssmve (8) ‘ Single-sUMje ' ? COmm ° n to 

multi-stage melting models have been invoked to smead^e RFF fiL ^ d ' gKC * ° f panial meiun g «1%). so 
s °me son of multi-stage melting process thus seei^ n«e« J! , &actionat,on over two or more stws (e.z 9) 

ofN^F 0 " n at gSmet not have >«» » residual phased, the“L^UM of ma5ma imposition 

conumc of N (Fig. 1) requires either that the source wu tUg of meItin g- unusually hieh W 0 

drasucally increasing the CaO content of m^ coe*£t“ ? r 81 “ * C °2’ which has potential of 

meltrng processes must be seriously considered. “ Y Rg ‘ ^ the presence of CC>2 in martian 

model taken fro m V £ET A^^OO^A f ?,?* shergottites - The Shergotty pattern is the 704' TPM 

basaltic rock with 10 15 £ ~ r rA79001A P attcrn « *e bulk rock analysis of (12) EETA79rtriT r ° % ICM 

«« p«« liquid „.« m _ •n,. P ^X2l„“,u7 1T 1* *“ “ • lib "' “'iWy l~r «d 

”“P^ *X«— -d uon^ilyd* T“” °< 

2B are consistent with the 180 rtuy. age advocated bv fl4\ Th^ ” ‘ dtpmdfflL ^ v *l“« shown in Fig 

whiuh yiuid w 0. „ pu ro ,u gl L5 l m t “— -» ni. 

to be a mixing line (11). Given these qualifications 350 m.y. ag e reported by (15) has been shown 

EETA79001A h... . ’T"‘h » ««• <>. A. REE M t of 
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MAGMATIC PROCESSES ON MARS, Longhi J. 
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" M “ of onow recycling 

U ““f “g^o^ " toe toSTSStom of EETA79001A i, 

Wm *■**> bm similar pmrny *' ZZjT* '“* » F,g. 1 . «£ SStaJ 

EM? i F “l a “ £U. "T„?r" “ ^ «* «Nd .f *« 

siish, u.,h^ 1 STsriimTf^n 1 ''-* to *-“i*™>»* y-*Zk ^- ro^SJT" resio " ,fa 

n has a prominent negative Eu-anomaly (16). ^ Uy ’ *“ stal component was unlike 

lt! 'ct;t v R <■« 

M. and Holloway J R n9X*\ P p H ” KeUlkcr ’ W - C - (1977) /. Geopkys Per A? K " Rose ’ H ‘ 

“^ss 

Cosmochim. Acta, 50, 927-937 rL. ^ ^ (7) McKa * G - Wagstaff J., and Yane S .R (1982 > 

NM (19RR^ Fsirtu or „ * Chen C.-Y. and Frev FA i r* l. 8 R. (1986) Geochim 

2 ' UVBH) £arrA Pten*/. 5ci. Lerr. 55 37 ^ n n\ eu ^ T ^ 85 > y * Oeophys. Res., 90, 8743-87/tt /q\ d*u 
5cx. Conf. 20th, in press. fll\ T imrik * 1 ? ,4 ^ Shearer C.1C and Papike J.J. Proc noso\ r 9 Ribe 

Geophys. Space Phys.. 17. 73-88.' 5 °' 939 ' 953 - < 16 ) Warren P. H. and W«» n JX (lli'Te v’ 


Rjpre L Compositions 
of SNC parent magmas 
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plane after (2). V is 

Gv'rh soi1 ^ imposition 
(3). BH is 23 kb martian 
^mary melt composition 

RFF g M 6 , 2 - Calc “l«ed 

REB m Nakhla and 

shergottite parent magma 
compositions. 
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METEORITES; J. 

^.‘15 — — . 

- e ^^tF 

nonnative hSS l U *!, n ?* JOr eiemeM imposition of the ^ of L hot ‘ spo1 ® d « basalts. 

2.96) and viscosities are low ,U (4-*2?p<£ef 1 Th ^ ^P^^cSuS d"SS oftL^uids 1 * hp h ye " Sthene - 

degrees (-50%^ nf n*rr i , . m wtuc “ plagioclase crystallizes earlv tv»«c i *, .. ainerent from terrestrial 

<h “ r X" nss: - ** * *• 

ssr srr «- u 

“ d r w ° s £*5t 

and trapped liquid The ' U * UOn ■** Pyroxene, but does allow for nartial cban 8 es m ■be intercumulus 

(6) ancPthe Stio^coEe^^ “ a dire « ^ ° f ^ auml " «*■* 

magma's so^ce reaL e / fecUve RI * fractionating agent 3,71^ A1 C ° ntent 15 ™Kc le ndy low that 
deriving strongly lightREE* JmchJf 1 *™ mUCh aUowance for removal of augittTat *, rCSldual phase in the parent 
spots, such as Hawaii Tgf m, « m,s ^m light-REE depeleted P™**'- The problem of 

multi-stage melting models hm hT 1 * m ° deJs re< ’ uirc Prohibitively small degrees of* C °' m ! ,0n 10 terre stnal hot 
Some sort of muld-sX me,u n g ZZ-Z* * Spr “ d * e REE iSiS^Er Lo7r aMat (<I% >- 50 
with the condition that garnet no? hl^t see,ns ne c«sary to explain the Nalchik m ° re StCps (e «- 9 >- 
NakhJa parent magma also haH 4VC 4 residuai P^*s® in the last staae of pa f ent magma composition 

and high-Ca requires either thaT Wgh con centration of CaO (-14 wt% (2lTrh^ addition to low *Al the 

drastically increasing th r r\ ** sonrce was dominated by augite or that rn ' ^ COmbmaUon o{ low-Al 
pressures > 25 kb (2) Since * c ° ntem of melts coexisting with olivine and 2 ’ Which has the Potential of 

^ ^ ^ ^ Wjt: 

■roe pLent liqu.dp a “'«4 ,? R «- 1B “ believed me, Lm a ^ d ^8 ef& on 

to be L ' , petrologically re«onable. and because the 35ot T ^ ** ^“"ger ages. 

EETA7Q^ a 8 k 6 ° 2) - Given these qualifications the low A. 386 by (16) has been shown 

REE detail 1 h* ME U!ht ' REE i»«”' “■ «Nd «r 

genesis was apparently much sin^kT^e^" 1“ “ * h “ ° f Nakhla altho^rL^VAT^i'? 71 ‘ i8ht ‘ 

terrestrial basaltic vaIum K.if * Thc vtiues for Nakhla and EHTA7QOm a 79 001A magma 

lAe the Moon in its abUitt m ° rC of lunar “are b«alts This mUCh W8her ^ ^>“1 

were derived from simulr 3“ " 8 *"** ^ ^ ° f , EETA7900 ‘A. it 

Pronary magmas and source regions. If so then RPP 8 y F ' 8 ‘ ' and bence they 

“ REE P attem Wd of the Shergotty 



MAGMATIC PROCESSES ON MARS: Longhx J. 



region like EETA79001A, but sutaeque^^Sri^ “ th °* e of 1 derived from a depleted source 

“”? P ?" cnL ^ * 1 * U-shape in *E? • * low - tem P e ™^* long-term, light-REE enriched 

^■obably is crustal, but whether it is ofder basalt. ° f *“* * conUmiMt ‘<»i. This component 

dear; the physics of assimilation favors „ (Fl *‘ ^ » granitic « not 

^at is clear is the absence of a negative En-anomalv * i™ meldn 8 P°mt- however. One thine 

ESE&f- wSSZT A — tteSSir-? - - ^ - for 

t, hT^htsu 

generated by remelting a source depleted in a Nakhla stt PP 0r0n * *« hypothesis that the shergotiites were 

-^-sna^g 3r„- 

&£**-** s 

i-f P 

Cosmochim. Acta, 50, 927-937 m a*, r v J V 5 McKa y G ~ Wagstaff L, and Yane S -R 
N M nossM r l m J v»nen C.-Y. and Frey FA* in l, « *** (ISfoo) Geochtm. 

iNuvi. u^oo) Earth Planet Set fj>tt as -in ac /*nx y r,A * U^oD) y. GeopAyj. fle* 90 874T snzo. r<\\ r> i_ 
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Kgure 1. REE in Nakhla 
and shergottite parent 
magma compositions. 
Nakhkla - calc., this study; 
Shergotty - calc(12); 
HETA79001A - bulk (13). 




Fig. 2 A. Calculated 
REE and HFSE in 
Nakhla parent 
magma and bulk 
EETA79001A. B. 
Typical (schematic) 
patterns for j 

terrestrial basalts. 
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co™TsSM S T*™? TO ANORIHOSrTE 
Observatory of Columbia University, Palifades, otTo 964 ) ^ Ge °'° glcal 

anal^gues'andTtheii ad^Suftm.' '“-T , anorthos “« * to examine terrestrial 

enigmatic for several reaJSnT petShSfc “S' Lunar “orthosites are 
the mafic rocks yet samDled nn th,. 3 & eoc hemical evidence indicate that none nf 

haW?^ (1 ' 2): they ar ® almost Pure Plagiocl^se rS d a in ri thC Same e P lsode as the 
X lt y low ma 6 ne sium numbers (2) These feaS^ ?”l aSS ^ lated maflc minerals 

Sd 5 ™" ° r ■»« . 

Important <mreS?betoee^tti t 'unrn a and m t any f 'V ese features, although there are 
complexes include dikes which may hoWclues to tS n ?f S ‘ Some massi f anorthosite 
of the anorthosites. We have examLed the phase eauiEn ?/ w gm& and thus to the origin 
dike compositions (table 1): an anorthoLtic Ske fr^ fv, l? 1 ™ 7 ‘ 30kb two of die 

Si basalt ^fnTc 

Jdth the Harp I^XhoXs W “aSSTSS^SST T* “““f 

hydrous minerals and have anhydrous aS?enSJ ««. ano ^ h ' ° slte complexes contain no 
anhydrous conditions. The very high liquldus 311 ex P erlr nents under 

and the poor correspondence betwee^i experimental nhff tUreS j. 1365 °' 142 0°: latm to 20kb) 
the natural rock indicate that SOOR ponn + vf Phases and compositions of minerals in 
plagioclase. The 500B ^e^ents fon? ™g,te °J a J lc l uld w ‘th SspendeS 

mafic phase in the natural rock is inverted pfgeonite Vurth* 1 * 1 phase ’ wher eas the major 
the experiments is more anorthitic (An5^63) tKores^n^ f re - pla g loc,ase formed in 

Phd^ ? ntS 0n the hi S h aluminum basalt sEple mr^f natural r ° Ck (An5 °- 55 >- 
Plagioclase is the liquidus phase from +v» ^ V are sumr narized in figure 1 

ET and by ‘“S; r °' to r d * °“«ne g a7!„!v 

aluminous pyroxene followed by plagioclase ThrS' , th f llcpjldus Phase is an 

saturated liquid at -12kb (figure 11 These ? sults hnply that HLC-A is a multinlv 

experiments match those in the* Harp La°k^ P ° SitI ^, S ° f the P hases produced in the 
fractionation of a basaltic llquId can Soducc ihc 0 ^ 31 '," (flgure 2 > showing that 
composition of the aluminous pyroxene resemh^ To k o “ the “orthosites The 
megaciysts found in many massif an^ShnSf bl m the bulk com P°sltion of pyroxene 
projected from wollastonite onto the plagioclase olivine^n? Sho , ws the dlke compositions 
e ? tlmated 3 kb phase boundaries. The I2kh n?^ 3 , P 3ne alon 6 with calculated 
pass through the HLC-A point. Both 500B and HLC a h<P a 6 , ° cla f e - pyroxene boundary will 
low pressures, showing that both afe exr^rieH \ n the pIa g‘ a clase field at 

Unfortunately, simple crystallization of Hi r a tCd ^ cr y stall tze lots of plagioclase 
pressure does not^ produce a suffldlf upo " ‘decompression from 12kb to lower 

Crann" f ™ S . Slt “orthosttes ^ ^^thS'welf 0 .^" 3 ' 10 " mode ' 
lu nar and terrestrial case must be consider^ hofAr th dlffere nces between the 

Moon Since the Moon has only o^e-sMh the ^f?i f, S ?^ ap P 1 y in S the model to the 
depending on decompression requie a^uch iKf ^ 10 ^ 1 fleld of the Ea «h. processes 
experiments on lunar mare basahs aLEll^^, depth 1 5 eival to oc <^r. However 

SlnErt f 3t 10 ' 25kb (6 >- indicating source regionf at S 100 S ' snniil? 3 ! they are mu itiply 
SfSS rt , [ T0m j ™ t depths on the Moon aS«SS^«SiiS'fi?2f n d K Pth in the Moon 
the model for the production of massif anorthncit^/r ccul T ed for mar c basalts, so perhaps 
n basaltic layered intrusions might be wCran^^ 


/// 
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DIKES RELATED TO ANORTHOSITES: Fram, 

317-331. (2) Longhi^ G ' j 198 °) ^oc- Lunar Planet Set Conf. 11th, p 
Am. J. Sst . 279.^394-410 W) A^ 64 ' < 3 > Weibe, RA. (1979) 

Longhi, J and Ashwal L D 198 2 0601 Sum Canada < Bull 293. 136 pp. (5 

Su PP L, P. C 571 -C58n^K^^^ 



Nain Dike 

Harp Lake 
Dike 


(natural) 

(synthetic) 


500B 

HLC-A 

Si02 

55.40 

49.54 

Ti02 

0.42 

1.83 

A12)s 

24.01 

17.34 

Cr203 

0.00 

0.06 

FeO 

2.79 

10.80 

MgO 

1.22 

6.41 

MnO 

0.06 

0.17 

CaO 

9.85 

8.76 

Na20 

4.56 

2.84 

K20 

0.76 

0.44 

P205 

0.17 

0.17 


HLC-A 



• L 

A L + PL 

♦ L ♦ CPX 

► L ♦ PL ♦ OL 
□ L ♦ PL ♦ CPX 
B L ♦ PL ♦ OPX 


Table 1 . Starting compositions 
used in experiments. 


Figure 1 . Pressure-Temperature diagram 
for experiments on HLC-A. the high 
aluminum basaltic dike composition. 


HLC-A PHASE COMPOSITIONS: 
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O (CMS LIE, 1980) 
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Figure 2. Plagioclase, pyroxene, and 
olivine compositions from experiments 

on HLC-A and the Harp Lake anorthosite 
complex (4). 


PROJECTION FROM 
WOLLASTONITE OTZ 



Figure 3. Projection from Wollastonite 
onto Ollvine-Plagioclase-Silica. latm 
phase boundaries calculated for Mg# and 
oi°^ atIve alkali components of HLC-A 
3kb boundaries are estimated.. 



Observatory of Columbia BASALTS; j. Longhi, L-unont-Doherty Geological 

basalts ^ given 10 tJle through which the mare 

penologists interpreted the point of olivine + pyroxenemulii ? nent compositIons - Throughout the 1970's 

l)3S T preSSure of meit ^ganon?e g i^A?l 0 ^^^' Pr ^ Uquidus ot ‘ ™re 

toalB and slassss tave ;mp|ied 

-np«o„ fern depd, J TO *™S“ «* «« «tos B d* sunL ««” b^aSto 

r™«°. r “ °r **»« a > ■* Sx^ i sis s ^, col, ““ “ ^ ^ * *sl« 

n- ements -virh constant partition coefficients hnr Wn n ^ tteaiments have incorporated terms 

hose partition coefficients typically denend nn mm n °^ rca£ Wy lend themselves to major elements 

? ° r0US tl0W a PP roximat ed the process as onTm^hichl^^ 3Uemqt “ modei ma i or elements during 
composition or the conunuousiy melting source (7) This nmS* 0t me!t produced no change in the ? 

_ /° rous fl ow models may have some atmhcabd^r^^ T V ^ descnbed 35 10131 replenishment (TR) 
produced by partial melting of Iow-Al n^rSSSv basaJt P«rogenesis. Mare basalts were 

Moon had a thin, but growing elastiTtoh^ST Dunng ^ me 01 mare petrogenes.s the 

y " 311(1 ‘"creasing to - 100 1cm afterwards (8) aSenS^Sf llthos Phere thicknesses of - 50 tan at 3.6-3 8 
region, partially molten in places and probably conSn? f °J ** hthosphere was *e marc basalt sourc- 
would pool ax the base of the UthosSre ; md " SUCh 3 physicai re S™e mare basalt magn^ 
unpack, a major test of the applicability of the nornuc surface 3100 ? fractures caused by 

ponded ax 100 tan or less « j g) tS app^ m te ml °n T? V* 3bdicy w S'"" 3 * composite melts 

che^o^kb nr depth5 ‘ Fi? * 2 ^“sirates this situation; the field of the^mn^ prcssurc 30(1 hence w derived 
che _0 kb Oh vuie +■ onhopyroxene liquidus boundary - weU 21™';^“ ! 0lc3IUC S^es (9) sits astnde 
1 0 tire porous flow model 1 have r^m^n ^ position ot the boundary at 5 kb 

amposmons and some of ^ m 1 °( ?°tybaric pamal melon? of to 

and proceeds in a series of smps at prooesOvT d ™„„ j” “* case "“““S begins at some rnmm pn£™ 
.owes presto. One set of calSdaJStoteSS'aS^' V, ,° I ^ ™“ P°o<in s at some artnoS 
^omposmon analogous ro (7): ihese results are labS TO Th^fll mUia “ 0 " 01 m ' U buI ctun § e in souree 
-ompiete excracuon of the melt without -eniemchm u Qther set mvolves fractional fusion. • e 
d^ngmue porous flow, which ^ ^ ^em ’vananon 

culculaxe, lies somewhere between these tractable r ? and mairu 111(1 hencc >s difficult to 

meipjsb^ ay (n and based ^dSS^'SSS^'^Sf ' OTP '° V “ 1 ““ ^ 

unnl3 kb S 

-liar to those of the green 

cnclt is J magiiKtan Sl^d^S^bS 11115 f’ 40 kb) 

require that the temperature actually increases at Dressn^T” f 2 °8» kni ‘ More importantly, the calcu^ions 
a convecnng mantle. Although this mcSw « J ° WhiCh 15 “ situation u, 

more ferroan source composiuons, greater depths for the SQge ’ 11 a PP ears that models involving 

replenishment may satisfy both the 2 h,! 01 melUn 8- ^ 3 *mad component of 

for n the C hT^ *** deptdS Woul(1 con^S^SSm U ^ m0dds prove ^"ccessfd. 

ennrhr-ri 11 ^ Moon * mther than the model of (13) hao»d qJ^Q nnh nf - 1^ 131 mcxlel 01 ( 12 ) based on 40 ppb of u 
ennched in retractory elements by a factor of- 2^ ^ impiymg ^ ^ 
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model mantle 
pooled melt 40 kb -FF 
Ap 15 green glass A (9) 


Si02 

Ti02 

A1203 

TABLE 1 (wt%) 
Cr203 FeO 

MgO 

MnO 

CaO 

K20 

Na20 

44.3 

0.26 

2.88 

0.71 

11.7 

37.3 

0.17 

2.62 

0.002 

0.05 

45.6 

0.77 

8.15 

0.61 

16.6 

20.2 

0.26 

7.74 

0.01 

0.09 

45.5 

0.38 

7.75 

0.56 

19.7 

17.2 

0.22 

8.65 

0.02 

0.16 


Mg’ 

0.85 

0.68 

0.61 


- , c . . , . , rlOURE CAPTIONS 

ig. . c ematic high-pressure melting relations of low-Ti mare compositions. Fig. 2 Commri<;nn nf m wn 

kiwnrp<;T, P p SUl H nS ^ ^ caIaulated P 01 ^ 3 ” 0 - P° ol ed melt compositions. Phase boundaries are appropriate for 
low pressure and compositonal paprametcrs shown in upper right Mg' = MgO/(MeO+FeOV NAR^nH mod 
aib,» and onhoclase toe ions of the nonnative fcldspar^c * theWo c»rXL of ^om w“ o B 
syatem mole umts (13). FF = factional fusion model; TR = toutl teplenishmenTmodeh QlZ 
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40 kb 


THE VENERA 13 SURFACE ANALYSIS FOR THE C0 2 

SSSKaasaa 

j Typically, when comparisons of the bulk carbon contents of the Earth and Venus are 
t al ? un dances m ** Earth ’ s mantle, crust, oceans, atmosphere, and biosphere are 

Is'' 6 ^wo" planets 1 to be^ugM^c^^wa W^( 1 ^5- 

^■sasgsav: us sasaasa safe ia 

preset 

enusian basalts. Unfortunately, we have available only two analyses of basaltic materials 
^ace analyses with large uncertainties obtained from spectrometers on the Venera 
rmnHt-v 14 u Eecau ? e it may be decades before samples are actually returned for high 

hand^ ana ySCS ’ We beheve 11 1S worthw hile at least to point out the implications of the data In 


a lherzolite Sr??* 6 terT u eStrial P lanets generally believed to consist primarily of 
assemblage, olivine, orthopyroxene, clinopyroxene ± an aluminous phase C4') The 

SpX^'nf ^, ? L C ° 2 high press f e is “> subm“ r'ige Of 

onn °Pyf oxen ® (-)• This expansion means that at a given pressure CO>-hf»irin<T m »i s .c • 

equi ibnum with olivine, orthopyroxene, and clinopyroxene will have lower SiO? and higher 

Xt m ^ h ar IarIy r tumed c ? 2 * free m ^ s - terms 

C° 2 -beanng melts saturated with the lherzolite assemblage will have lower 
effP^f H rf normative orthopyroxene and higher proportions of Ca- silicate components The 
nCarly °? pOSlte with H 2° ***** to produce Si0 2 -rich melts tffSasing 

iiS-sSSaas 

tSSlltr;, 1 «»‘ «"•>««« are common acLso^SS 

of lava composinon from the range of high-pressure fluid-absent me! lfs primarily to the influence 

w^^Sa’SSSSSSS 

strongly silica-uX^^ « * b 

Ve C nem m f?co d ° nS ° f ^ 

upper m^fle^f Venus 'if™? Venem m^rface° f of CO > on meldn * rel “™ s i» th? 

H=SSSlllP^S 
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Fig. 2 



eonllibri j' X^^rVeSr 00 ; 35 *» “— — * 

components on die projection of compositions of liquS -SmiL !nh m , ' ffecK of various 

m C P r ° jected from the Olivine component (01) onto a portion of the nlane n e / 2ollte assem blage. Compositions 
Nephehne (Ne), Calcium-alum.nate (CA) after (7) DUP! i^n O rtho Py roxene (Opx) - Larnite (La) - 
sihca-undersaturated compositions. Fig. 2 Comparison of Venera 13 F ... tes Slll ^ a ' saturated (dioleiidc) from 
analyses (3) with tenesmi,! lava compo'sidons ^cSn L m f“ ! “* Vam 14 ^oie) surface 
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1 on„H- T™ °5£ IN ° F 712 GREEN GLASS magmas by polybaric partial melting- j 

Longhi, Lamont-Doherty Geological Observatory of Columbia University, Palisades, NY 10964 

acouS^Ynri t e a ST.L“ anSWered ^ U ! Sti0nS in lunar etiology is how the picritic volcanic glasses (1) 
2T? “ d mau,tained ^eir apparent high-pressure signature. TraditionaUy, lunar petrologists interpreted the 

hTlYglaslhe n Pyr0XCn ? mi ? Uple “hiration on the high-pressure liquidus of mare compSitions,?llustrated 

ZlSs between n ? TdlsTi? V ? ¥¥ V* C3SC of ±e picritic glasses mu] tiple saturation 
11 u d 25 kb ?■*•’ 4) ’ unplyin S depths of segregation of 350 to more than 500 km on the 
JJJSi J Y altern . auve 10 the mu] tiple saturauon hypothesis has been invoking relatively large degrees of 

2 0 m% >uToYSo7 olfYnY^ Y 3t leaVCS “""J,* residuum consisting of only olivine. For a source with 
, c Al2 ° 3 and 80% oLvine ’ such a process would require approximately 30% melting to produce a green 

glass composiuon; sources with more AI2O3 or less olivine would require larger degrees of melting The 
3156 degree u S ? f meltin S of sources with small amounts of pyroxene has remained unpopul£ with 
CVen Yl 003 !' ^ ey have not ex P lained how a magma could retain its primary composiuon through 
“ ° f several hundred kllom «ers to the surface: kimberlitic eruptions from dep^seem Sely on the 

1980 ' s lerre strial geophysicists developed quantitative models for melt migration by porous flow 
gregauon, and compacuon of the crystalline residua in a convecting mantle (5,6,7). These models typically 

mnmS? f°° ° f T® ) consisUng of contributions from a range of pressures collected at the top of the ascending 
mantle column and often ponded at the base of the crust or lithosphere. These treatments have incorporated term? 
for trace elements with constant partition coefficients, but do not readily lend themseW es m mSemeYS 
coefficients typically depend on composition. Attempt to mode. ma?or eSu Xing 
poro f us , n ° w approximated the process as one in which extraction of melt produced no change in the 
° f th ? conunuousl y melun 2 source (8,9). However, given that some net separation of milt takes 
SembYs. Chan§e m S0UrCC ComposiUon must 3150 *** place > so these models should be regarded as 

Porous flow models may have some applicability to mare basalt petrogenesis. Mare basalts were produced 

StiYYY J 1 Qng ° ^ maflC 10 »™. During the time of mare pewgeYSs i UShSi 

C aSUC hfhosphere that eventually supported the loading of mare basalts in the great basins to 
form mascons: stress modeling suggests elastic lithosphere thicknesses of - 50 km at 3 6^8 b v Ld 
increasing to - 100 km afterwards (10). A thermal lithosphere, probably of comparable thickness extended the 

22 BeneaUl ^ h r 0f 11,6 lilh0Sphere was ^ mare basalt source region. pSy mohen in 

Siwih!^ P $ b y convecting In such a physical regime mare basalt magmas would pool at the base of the 
lithosphere and possibly would nse to the surface along fractures caused by impacts^ major test of the 

apP ‘ 1Cabl ?^ of ^ P° rous flow model its ability to generate composite melts ponded at -100 km (5 kb) that 
appear to be mulu-saturaied at higher pressure and hence to be derivSfrom erearer depths Fig 2 illustrates titis 
“2S Field of k ^ p 'critic green volcanic glasses (1) sits astrid“e the cH 20 kb SSe + 
orthopyroxene hquidus boundary — well below the position of the boundary ai 5 kb. 

m 7 ° 1051 ** P°rous flow model, I have calculated numerous variations of polybaric partial melting of lunar 
mantle compositions designed to simulate porous flow and segregation, using paramctcrizations of liauidus 
baS£d ° n ^^'gh-Pressure data of (11). Some of the results are f £ 2 In 
. S at rome initial pressure and proceeds in a series of steps at progressively decreasing pressure with 

the extracted melt pooling in a resevoir, the curved arrows in Fig. 2 show ihe chentic^ e^utfoSTfYY 
poo . The source also becomes progressively depleted in response to melt extraction but this change is not 
mSnYrJf n^ CidCU i hU0 ^ 1 employed ** value of L2% melt ^ b adopted by (8) and based upon the 8 thermal 

Yr«sie efroo of YkS ng ^ in Rg- 2 (25 or 40 kb); melt extraction b^an at 24% (a 

pressure drop of 2 kb) and conunued in 2 kb steps until 4 kb. To simulate the porous flow process some 

me 1 gcncrated in each step was retained in the source. To achieve a satisfactorY fit of landed 
melt to green glass composiuon, I derived the source composition (Table 1) by subtracting 15 wt% HiYhlanH 
Crust and 3% anorthite from Primitive Mantle (13. Table 8.4) and reducLg Mg’S 0 85 » 0 80 S 

At first mspection results of these calculations (Table 1, Fig. 2) suggest that compositions similar to those 

meuYfYeafS YToooS^ b Y inefficem fractional fusion of an ascending low-Al source that began to 

furthCT p JticYlir th^YS. ” °° n ' Howev f r ’ ^ phys,cal “Peas of the model need to be explored 

iuruier. in particular, the model seems to require a discrete melt resevoir that ascends with the melt region 

ether this resevoir can be justified as part of a partially molten diapir or as a porosity wave (14) needs further 
mvesugauon. Also, the temperature drops are not as steep as one would expect along -wet" adiabats (15) 
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model mantle 
pooled melt 40 kb /0.4 
Ap 14 green glass (1) 


Si02 

44.2 

43.9 

44.1 


TABLE 1 (wt%) 

Ti02 A1203 Cr203 FeO MgO 

0.26 1.87 0.70 15.6 35 1 

1.44 7.73 0.59 20.1 15 1 

0.97 6.71 0.56 23.1 16.6 


MnO 

0.17 

0.25 

0.28 


CaO 

2.05 

10.7 

7.94 


K20 

0.003 

0.02 

0.05 


Na20 

0.03 

0.18 

0.19 


Mg' 

0.80 

0.57 

0.56 




n. 


PRESSURE EFFECTS IN ANORTHOSITIC AND RELATED MAGMAS. J. Longhi 1 , M. S. Fram 1 , 

J. Vander Auwera^, and J. Monti eth^. 1 : Lamont-Doherty Geological Observatory, Palisades, NY 10964 USA; 2; 

L. A. Gielogie-Petrologic-Geochimie, Universite de Liege, Liege B-4000, Belgium; 3: Dept Geological Sciences, 

S. U. N. Y., Binghamton, NY13902 USA 

Here we discuss some new and existing (1) experimental data that show the effects of pressure on 
crystal/liquid partition of major elements for orthopyroxene and plagioclase. Although the data are directly relevant 
to terrestrial massif anorthosites, they also have a bearing on lunar fenoan anorthosites. 

We have run melting experiments on three starting materials in pre-saturated Pt-wire loops at 
QFM at 1 bar and in graphite capsules at 5 to 27 kbar. One material (500B) is rock powder from an anorthositic 
dike from the Nain Complex proposed to be a suspension of -30% plagioclase in parental magma (2); the second 
material (HLCA) is partially crystallized synthetic glass with the composition of the average ferroan high-Al 
gabbro proposed to be the parental magma of the Harp Lake Complex of Labrador (3); the third (TJ) is a rock 
powder from the fine-grained monzonoritic border facies of the Hidra Complex of Norway (4, #80123). 

Some of the results on 500B and HLCA have been reported by (1) and show: a) that even a suspension of 
30% plagioclase with the 500B composition would have an improbably high iiquidus temperature; b) that 
experimental crystallization orders for 500B and related anorthositic dikes do not agree with those observed in the 
dikes themselves, indicating that the dikes are heterogeneous and crystallized as open systems; c) that Iiquidus 
plagioclase (plag) in both compositions becomes progressively more sodic with increasing pressure; d) that sub- 
liquidus orthopyroxene (opx) in HLCA becomes progressively more aluminous with increasing pressure; and e) at 
10-12 kbar, where plag, opx, and augite are near Iiquidus phases in HLCA, opx has the composition of the most 
aluminous megacrysts from the complex (Fig. la) and plag has the same composition as the plag in the 
anorthositic rocks. These features are consistent with a polybaric origin for massif anorthosites with most of the 
plagioclase and the few relic pyroxene megacrysts first crystallizing in the lower crust from a magma similar in 
composition to HLCA and then intruding upwards in plagioclase-rich mushes or suspensions (5). 

Results of new experiments show that the pressure-dependence of AI 2 O 3 concentration in orthopyroxene 
in HLCA is reversible (Fig. lb and c). Solute rejection calculations based on the model of ( 6 ) show that, if high 
AI 2 O 3 concentrations in opx are achieved by rapid crystal growth (e.g., 7), the expected correlation of compatible 
elements in opx, such as Cr, with A 1 is negative — contrary to what is observed in nature (Fig. 2). Delayed 
nucleation of plagioclase (7) is another way to achieve unusally high concentrations of AI 2 O 3 in opx that would 
produce a negative correlation of Cr and Al. Thus high-pressure crystallization and not kinetics is the likely 
explanation for the high AI 2 O 3 concentrations in the opx megacrysts. 

Previously, ( 8 ) demonstrated a temperature-corrected pressure effect on plagioclase composition for HLCA 
and 500B to 20kb. Fig 3a illustrates this effect for an additional composition (TJ) and to higher pressure (27 kbar). 
The vertical axis is the difference between the albite (Ab) content of plagioclase calculated at 1 bar according to the 
model of (9) and the albite content observed in the experiments. To a first approximation there is a composition- 
independent increase of - 1 to 2 % Ab per kbar. However, examination of the individual partition coefficients for 
albite and anorthite (An) versus P/T (Fig. 3b and c) shows not only clear compositional dependences, but opposite 
sense for pressure-dependence of K^b and K An • The variation of Kqt versus P/T is similar to that of K^b- 
Despite the low pressure/depth gradient on the Moon, these data may have a bearing on the petrogenesis of lunar 
ferroan anorthosites (LFA), which show at least three slightly different trends on the familiar Mg 1 vs An diagram 
(10). Although differing parental magma composition is the most probable explanation, crystallization at different 
depths at the base of a growing crust would produce offsets in fractionation paths, as would polybaric processes 
such as have been proposed for massif anorthosites (5). 

Fig. 4 illustrates a final aspect of the data, viz. that the simple molar partition coefficient for MgO 
between plagioclase and liquid has a negligible pressure dependence. Data for FeO are not shown because the 
analyses of mantles and rims of plagioclase crystals arc prone to secondary fluorescence errors (11). These data 
have the most direct bearing on lunar ferroan anorthosites (LFA) where low concentrations of Fe and Mg have 
prompted speculations about pressure effects (11). Even though there are small compositionally dependent 
differences between lunar and terrestrial partition coefficients, the sense and magnitude of the pressure effect on the 
partition coefficient is very likely to be similar in both case. Given that most LFA appear to have crystallized 
from cotectic magmas (12), the low concentrations of Fe and Mg imply subsolidus exsolution of the Fe-Mg 
component (e.g., 13). 
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Geological Obsevatory^ PaH^adfs^NY^O^S 515 A SR SIGNAL? J - LongW. Lamont-Doherty 

magma of Chassign^ ThiTwrkwL b^^ ° f H2 ° (_1 wt%) in ^ Parent 

and suggests that similar inclusions in Shergmtv hydrous amphibole in a silicate melt inclusion 

Speculations on the unusually high noS^woSsSSS! concen ^ons as well, 

parent magma (3,4) point to a role for^£ L 4Ti f£ SS7 '*’*'« for NakU. 
instructive, therefore, to compare the conditions of th 7^r f ^ magmas (A ' 5) ' II should be 

planets to see if there are any similarities be^een AeSNC with basaltic rocks from other 

petrogenetic role. A previous survey of ^ Wh ° m fluids ** 30 

terrestrial basalts showed that the SNC had patterns ofrarc ° f eucritic ’ lunar * and 
abundances disttnct from any other common solar sys^S SlKt (HFSE) element 

volcanic rocks from terrestrial convergent plate man/ns S 8 6 “J^^g Parallels with 

accepted. One element omitted from that study that does have a * petBD g ene B® role for fluids is generally 

So the present work attempts to fill in iL gap. 4 Slgmflcant susceptibility to fluid transmit is Sr 

Fig. 1 illustrates the measured (6) and calculate *7% - . 

elements in the SNC parent magmas plotted in order of tL^^n^ taUOnS K^ the /i n ° n ' VOlatile ^compatible 
Uken from (8). devious work £intedou^ to right). The c£der is 

both m terms of REE and HFSE. Unlike the Antarctic “Si ** 7900lA patte ™ 

depleted in the light REE, but nevertheless has positiv^Se?^’ parent “ onl y weakly 

element compositions of Shergotty and 79001A S connS^S^ ? * HFSE ' ^ similarity of the major 

for 79001 A relative to the adjacent REE; this pattern is haLiL .* hwTT • ^ ment P° slUve Sr anomaly 
presumably real. The calculated Shergotty pattoSws^Si?^ chen | lca L an fysis (6) and is, therefore^ 
posmve or negative Sr anomaly deplidiig on theS^ SJ* Nakhla pattem 1,35 either 3 
bulk rockcomposition and an inferred amount of Harmed intemim/i IRl pattern is calculated from the 

directly from the composition of a separate of ? e Px P 31 *™ * calculated 

solidified as a closed system; the Px calculation ? cakitiation presumes that the rock 

the augite cores need to be made, but riven that nlairinHaef 1 ™ C S ?* ara,c 15 P 111 * ®- In atu measurements of Sr in 
calculation seems less likely to be in?rror ThlSS^ 5 * W3S a 1316 crystallizing phase in Nakhla (3) the Px 
parent magma. * ** 10 * small positive Sr anomaly is inferredlbr th j Nakto 

petrogenesis volatiles^l^^noror ^ n^iriW^rote rf" 15 (“ ,cll ? ding Sr > of solar system basalts in whose 
flood basalts) shows that there are prominent^ r annmoi^ 1111 ”! e “ cr *ric, MORB, basaltic komatiites, continental 
landed by Eu ammmS (Fig. 2) and Urnse 
plagioclase-rich cms. (e.g, 11). 2SX de P ,<aed b >' *• fomalion of an ea?N 

enriched (MORB B) mid-ocean ndge basSls (Fig 3m f 1? COInmo " de P>eled (MORB I) and 
most typical flood basalts (FB DfetLnl Fiv komatiites (BK fl, also Fig 3a) The 

fractionations of the SNC. Prominent Ta-Nb a^omriieT bUt ^ ^ Prominent HFS^RFE 
flood basalts, but not the strong Hf-Zr anomalies characterStiT^f c C f < ^ im ° n p,Crites ““ciated with 

common in ocean island basalts (OIB Fig 3a) in ?5 „ A Strong P° sitl ve Sr-anomalies are 

high-Al basalts (HAB, Fig. 3c). These Son^’es aSSiS ^ (L ?’ Fig ‘ 3c >- b° ni mtes (Bn, Fig. 3c)^5 
role in the low degrees of melting typically inferred for OIB nerm^n a R h ^ ( e -g-* W)- Fluids may piay a 
the strong Hf-Zr anomalies of the SNC On the other hand (i3), however, these lavas do not have 

Hf-Zr anomalies, but these anomatieT*e convergent margin lavas have S 
rocks with lower REE concentrations a^d negSve 5/S Sr ^ **2°*** Amalies being found 2 
between the SNC and convergent pl^nnK^^^^t.” Hie antdo^ 

(compare Rgs. 1 and 3c), hoSever. we sSd wZl Ta ' f ? “° malies “ sonridinS 
tectonics on Mars. Nonetheless the variations in the^,“„SSi^R^F^S^c “7e“ .“ ev ' da,ce of PlhK 
lavas are frequently attributed to fluid transport, with Sr bein* mnn* Sr ln conver gent margin 

mobile than the HFSE. Although ^ T hich “ 1 « more 

observed m terrestrial convergent plate margins, it seeim woXwhile ? 10 be different that 

martian petrogenesis. 8 WOr0l hl e to miucipate an important role for fluids in 

(1) Johnson M.C., Rutherford M.C and Hess PC^MQO^fr u- r> 

Treiman A.H. (1985) Meteoritics 20, *229-243. (3) Treii^i A H Acta 55 ’ 349 ' 366 ' < 2 > 
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■ Orbiting spacecraft and the Viking landers have provided /, 

us with a vast amount of new data about Mars, but our under- 
standing of Mars remains tantalizng/y incomplete. We know the 
composition of Mars' atmosphere and soils; we know that Mars 
has a high -density core; and we have a huge photographic catalog 
of martian landforms, showing vast cratered terrains, extensive 
lava plains, and gigantic shield volcanoes; but we know very 
little about Mars' interior: the size and state of the core, the struc- 
ture of the mantle, or the composition of its magmas. Future 
lander and sample return missions will eventually fill in many of 
the gaps in our knowledge. In the meantime, however, many plan- 
etary scientists believe that a small group of meteorites, called the 
SNC meteorites, are actually samples of Mars. If so, they permit 
us to make some interesting speculations. 


^The SNC (an acronym for three 
classes of meteorites: shergot- 
tites-nakhlites-chassignites) are 
distinct among the general class 
of meteorites known as basaltic 
achondrites. Several have traces 
of water-bearing minerals and 
the iron-oxide mineral magnetite 
is present indicating that their 
oxidation states are similar to ter- 
restrial basalts, yet their oxygen 
isotope compositions show that 
they are definitely extra-ter- 
restrial. Widespread speculation 
that the SNC meteorites came 
from Mars began in the late '70s 
after radiometric age dating 
showed that their minerals had 
crystallized no more than 1.3 bil- 
lion years ago — such 44 recent” 
igneous activity being likely only 
on a planet large enough to re- 
tain its heat. Our much smaller 
Moon, for example, stopped 
erupting magmas about 2 billion 
years ago. More specific evi- 
dence came in the early '80s 
when analyses of neon and argon 
gases trapped in an impact- 
melted glass in one of the sher- 
gottites revealed a component of 


trapped martian atmosphere. 1 
Since then researchers have put 
considerable effort into milking 
as many inferences about Mars as 
possible from the SNC meteorites. 

Composition of the Surface and 
Interior. Measurements by the 
Viking Landers showed the sur- 
face of martian volcanic plains to 
be covered in a soil that is low in 
alumina (A1 i 0 3 ) and high in iron 
oxide (FeO) relative to terrestrial 
basalts (Fig. 1). A direct com- 
parison with the SNC composi- 
tions is not advisable for many 
elements because most of the 
SNCs are coarse-grained rocks 
that may have gained or lost 
crystals during slow solidi- 
fication; so, unlike fine-grained 
basalts, bulk chemical analyses 
do not recover their parent mag- 
ma compositions. Fortunately, a 
large data base derived from 
melting experiments allows us to 
estimate the composition of the 
parent magmas from the mineral 
compositions measured in the 
meteorites. Estimates of the par- 
ent magma compositions of the 
SNCs show that martian lavas 
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Longhi^LamonlD^^^E^h^so^t^^P^s^es^NY^O^T HIGH PRESSURE. J. 
Melting experiments have been • ... 

synthetic glasses in order to test the accuracy of the ° f 2 °. t0 40 kbar on Partially crystallized 

glasses (1). Results show that the model predicts the ??/ banc factional fusion model for picritic lunar green 
boundary within the uncertainly of £e TOasmei'bSluI. A^t' ‘"‘IT* 00 , + <*M>yroxene<opx) UqSdus 

- -*S to change 

compositions are multiply-satmatrf whhoSS^^‘ aVe P ° S ' d 3 ‘ hon,y problcm f °r penologists- their 
traditionally (be pressui of multi“ei£^t^S^r * P"*”* of 17.5 u> 25 Si?cf 3)tS 
on the Moon these pressures translate to depths of ^ mmunum pressure of melt segregation vet 

melt dtese distances through crack^t^S n , 1“ ?° b ?~ Tht ^ oEs^mg 
possibility of such transport seems remote at a time in i. co "? posmon have been modeled (4) and the 
hthosphere was on the order of 50 to 100 km (5) Thus DolvhaH^ h, f ory when 1,16 th «ckness of the elastic 
(“ 'sntostrtal midocean ridge basalts (6) provide attracdve alimlT 8 l ” < ’? ls analo 8 ous K> those proposed 
algorithms m the polybaric melting model plo^ bTJS authmlTSl a a' Ca ‘ ,SC 0f U,e P“city of P daIa- 
phase equilibria and crystal/liquid partitioning from exnerimenrcl./ depended u P° n several extraoplations of 
™ of mehing exp.Hme„ts was inidamd „ proSde Zi J? 5TSS 

Sdn* h 8h pressure Md ""^Ws^P^Irmf^Se^lbrrroT^^ “ produce multiply-saturated 

resulting charges contained remarkably homoeeneoiXlin? a. 2 * ys In a P' s “"-cylinder apparatus. The 
quench crystals. In one charge a compisoTX avm»T« * T" ** to imorgowths of 

on a grid was compared with the average of 4 metered hf! of 36 spot analyses (electron microprobe) collected 
wtdtm the standard deviations LVLl to >“ on a ^ H elements aS 

plagioclase) are accurate. Fig. l shows die rnmnJv a ^ aly ^ es °, f h, ghly mafic quench intergrowths (no 
squares) together with segments of the ol + opx iS^^h ”® 118 ? ? qui,ibnum with ol anfopx (open 
Jgonfms in (1). i„ each case except at 25 kL Je melt^ZS/ s ' ^ for ^ melt hording to the 
than the predicted liquidus boundary however AediSel? ^ 0 " ^ 3 sli 8 hd >' higher Qtz component 

uncertamty of the model. CVCr ’ ^ dlfferences « "« significant with respecuo the overall 

increasTJn ^ SJS? K£n o * *•« » » dramatic 

-0.1 at low pressure to a value of 0.5 at 30 to 40 kbar Values of D* !^ d b J“ ld(liq ) from an average value of 
SSSW ^ ~ 2 ’ ^Pectively) over this Cr 2 ° 3* however, remain 

siass-s 

source in AI2O3 at high pressure and extraction of melt n. * S 1,131 now d * s more difficult to deplete the 

l«W nteh widt^TZ co^lT ^ *• — -SE 

source ro ^ ™ 

equilibnum at the solidus will be onx + lin , most esUm ates of whole Moon composidon t'8'i ih^ ^ 
melt will be nephehne-n^vt 0P ’' + = 01 + 8” * P'S- As in fte case of rhe maSSgs. £ 

enperiS^’^^'^S^^ a "“ • <KD) 1,15 Sm "" "ine, in d,e high pressure 

C ° n ‘ C "‘ r ^' ms of Ti °2 (cf Pig. 3 in rei ]) Hofever eve^mo^TO 0 '! basalls < 3 > a > oomparablc 
" h ' 8h " q “ ,dSare ' “ 
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in the ol + opx Iiquidus boundary to lower silica 


(1) Longhi J. ( 1992 } Prnr , D , REFERENCES 






Fig 2. Schematic Iiquidus equilbria at 25 kbar in Wn anH ni • • 
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TERRESTRIAL CONNECTION; THE p ETROGENESIS OF 

10964 and J. Vander Auwera LA GeolotH^plJ?^ 6 ^ Earth Observatory, Palisades NY 
4000 San Tilman, BelgiZ P6trol °^ Gtfcchimie, Univefsite de liege B 


TTiere is a suite of rocks typically associate u,; t h d->. 
interesting similarities to lunar KREEP In manv ra t« t ^ otcrozo,c massif anorthosites that bear some 
traditionally been roferod to ns iffo^ii ra * s « P'ulO"ic^d?avc 
dismct of southwesteni Norway, where they are ±Sy<3Me suiK ' Howev «- i" the Rogaland 

fine-grained dikes and as the chill margin of a lavaS^n^f m °" z ° nontes • *ese rocks are also prae^Hs 

iSh^T “« readil y obtained by chemical an^s MonSnori^Tre Iw a P proximate magmatic liquid 
hthophile elements such as K (alkah feldspar is present ^ Really ennched in incompaUble 

B low Mg', low-Ca pyroxene, Jnd ntoro P ' ^ hav ' ‘"S 

attempts to explain the link between monzononSs and “* Much debate has developed over 

monzonomes and associated anorthosites have S^nf^i.T anorth °s«es. One feature seems clet? 
possible. However, there is apparently a continuum in m!™ lal | *sotopic ratios [3,4], so a simple relation is not 
believed to represent magmas parental to the anorthosites TTWn"!r between ^ monzonorites and gabbros 
fractionation coupled with assimilation Although ™ con J Unuum suggests a link via high pressure 

the early Moon: following the formation of Scenario is simd ar that evoked for 

residual liquids at the base of the crust led to rh<* f odlos,tes ; continued fractional crystallization of the 
establish a link toweet, 151 ', A " is made “halt 

intrusions associated with anorthosites, and which may recoMinhc^es know** y aI " ay! fou " d “ ancillary 
Fig. 1 illustrates some of the evidence for a link hvfr^^ in lower magma chambers. 

TTie upper panels show a continuous variation in Tiof P 2 of a1d m °" zonontes and gabbros . 

*c Harp Lake Complex of Labrador [6] and the m^onnridr^l^ 8 ^ gabbrOS 311(1 ferr odiorites of 

Patterns for other elements (SiC> 2 , AbC >3 FeO etc i ° f ?* Rogaland Strict of Norway [3] 

elemental variations are not s^ghtw’ard ho^ Interpretation i 2 

fractional crystallization of a magma that eventually iwnm ^ ! P 2 -MgO pattern is as expected for 
analyses with P 2 0 5 above 2 wi %, the P 2 0 5 .MgO pSSt is' J*'' 111 for Ule subsel of 
a phosphate (apatite) between 2 and 3 wt % Men ts,. ™ gaterallysimilar and tndicaies crystallization of 
(43-45 w.%) and higher FeO (15-20 wS) h,Bhesl P 2°5 also have lower Si£ 

large regional variauon in com^”a^ “rofpSS P ' K « f «» 

differentiation caused by differential flow of a crvstallh^Tr.^ ^ ^ these underwent an internal 
samples thus may be partial cumulates. If so then the liquid * Thc hi gh-P>Fe, Iow-Si 

accumulation as well. Experimental liquids obtained fr^m Skk ntrations ma y be enhanced by 

materials tend to mimic the high-MgO portion of the “d monzonoritic (TJ) starting 

compositions employed cannot bfdireSy related l s JnS!r aIth ?“gh it is clear that the specifi? 

the natural samples in Fig. 1 indicates that mcreasmg TiC^ with decreasing MgO for 

Trace elements provide eviSwofflTS mv ° Ived "tensive Fe-Mg equilibratiS, 
negauve Eu anomalies in their REE patterns and have ^,| v PllCa U h” 8 *, SeveraJ of monzonoritic dikes lack 
to the light REE [3] - hardly whaf* EL Ul Z dc P^ns of chondrite-normaliz^ SrSaKe 

equilibria complicates matters still more. Experiments Jn^ r “‘ dual to the formation of anorthosite. Phase 
the chill margin of the Bjerkeim-Sokndal intrusion f7Vt ch° nC h. ***? m . os t primitive monzonorites (sample TJ 
together on the liquidus from 10 to 13 kbar This oressiiire 31 ^ agIOC,ase (P*) ^ °rthopyroxene(opx ) are 
aluminous opx megacrysts found in anordiosUe plllm h a ve f Wilh ^menut that 
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INTRODUCTION 

There are long-standing proposals that silicate liquid 
immiscibility (SL1) played a role in the petrogenesis of lunar 
granitic rocks ( Hess et al„ 1975; Taylor et al.. 1979). Neal and 
Taylor ( 1 989a ) repeated this proposal recently with the 
additional suggestion ( Neal and Taylor, 1989b) that the liquid 
precursor of these granites was wrKREEP ( Warren and 
Wasson, 1979). Given the apparent importance of lunar 
granites and primitive KREEP as assimilants in mare basalts 
(Shervais et al., 1985) and in high-Mg magmas ( Longhi : , 1981; 
Warren, 1988), it seems prudent to learn as much as possible 
about the development and effects of SU in lunar magmas. 
There already is a considerable body of work describing trace 
element partitioning between immiscible Uquid pairs in simple 
(Watson, 1976) and natural compositional systems (Ryersoti 
and Hess, 1978), and these studies are in general accord. 
However, the existing experimental data on major elements 
suggests a possible disparttv in phase equiUbria between the 
simple laboratory systems, which petrologists consult as 
models of the complex natural system, and the natural system 
itself. Furthermore, the experimental major element data on 
natural lunar immiscible liquids are somewhat erratic and, 
consequently, the bounds of the two-liquid field are difficult 
to parameterize (see below). These considerations prompted 
this study. 

Figure 1 illustrates two of the relatively simple phase 
diagrams used in discussions of SI.I and depicts some of the 
two-liquid pairs developed in controlled cooling rate 
experiments on natural and synthetic lunar compositions 
(Rutherford et al„ 1974; Hess et al.. 1975, 1978). The liquidus 
boundaries in Fig. la are taken from a portion of the Fe.SiO, 


(Fa) - KAISi,O f) (Lc) - Si0 2 (Sil) system (Roedder, 1951, Visser 
and Roster van Groos, 1979a). Figure lb shows that the effect 
of adding CaAl,Si,0 8 (An) to the Ol (Fa) - KS join in Fig. la 
(Irvine, 1976) is to suppress the two-liquid field. This is a 
mildly disturbing circumstance given the ubiquity of plagio 
clase in late stage magmas. Visser and Roster van Groos 
( 1979b) have shown that adding less than 1 wt.% P,O s to the 
Fa-Lc-Sil join expands the two-liquid field sufficiently for favalitc 
and K-feldspar to coexist with an immiscible liquid pair. Other 
studies on the Fa-Lc-Sil system show that increasing pressure 
(Watson and Naslund, 1977) and increasing oxygen fugacity 
(Naslund 1976) also expand the two-liquid field, but not to 
the point of reaching the K-feldspar field. These data suggest 
that natural levels of P 2 0, and other high field strength 
elements will expand the two-liquid field in differentiating 
magmas, but leave unanswered the question of whether SLI 
will coexist with plagioclase. The only published experimental 
data in which plagioclase coexists with immiscible silicate- 
liquids are those produced in controlled cooling rate 
experiments. Figure la depicts the two-liquid pairs coexisting 
with plagioclase in runs on lunar rock powders and on 
synthetic lunar compositions that have not been doped with 
trace elements. 

There is considerable variation in both the length and 
orientation of the two liquid tielines that does not correlate 
with temperature or any simple compositional parameter such 
as Mg' [molar MgO/(FeO+MgO)| or P 2 0, concentration. Some 
of the scatter is no doubt due to difficulties in analyzing the 
characteristically small globules that develop in these 
experiments. However, there is an additional concern: Despite 
the fact that most of these compositions project into the silica 
field, no silica phase was reported in the run tables of 
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Comparison of the major-element, incompatible -trace-element, and isotopic compositions of the parent 
magmas of the SNC (shergottites-nakhlites-Chassigny) meteorites with eucritic, lunar, and terrestrial 
basalts shows that their parent body (Mars) has a unique magmatic style. The major-element and isotopic 
compositions of the Nakhla and Chassigny meteorites ( 1.3 b.y.) suggest extensive melting of source 
regions with much stronger time integrated light rare earth element (REE) depletions than those observed 
on Earth. The incompatible-element patterns of these magmas, however, indicate extremely strong 
enrichments of the light rare earth elements, suggestive of miniscule degrees of partial melting Such 
compositional patterns are commonly found in basalts from terrestrial intraplate ocean islands (OIB), 
but relative enrichments are much greater in the martian magmas. Also, the Nakhla incompatible-element 
pattern (chondrite-normalized) shows prominent relative depletions of high-field-strength elements 
(HFSE), such as Ta, Nb. Hf, and Zr, that are not typically observed in OIB but are characteristic of island 
arc basalts (LAB). Closer examination of the depletions of the HFSE relative to the REE indicates that 
the martian pattern (Ta-Nb> Hf-Zr) is actually more similar to that of terrestrial carbonatites than to 
IAB. Because of their low viscosity, carbonatitic magmas at the base of the melt zone would greatly 
facilitate the two-phase porous flow process proposed by McKenzie (1984, 1985) at melt fractions <1% 
and thus might also account for the strong REE fractionation when mixed at higher levels with more 
extensive silicate melts. Furthermore, C0 2 , which expands the orthopyroxene liquidus field at high 
pressure, might account for the unusually high estimates of CaO in the Nakhla parent magma. The 
shergottites have incompatible-element patterns— depletion of the iight-REE, positive -HFSE /REE 
anomalies— complementary to Nakhla that suggest they were generated from a source depleted in a 
Nakhla- like component. This complementary relation is consistent with a younger age for the shergottites 
such as 180 m.y. Oones, 1986). If this young age is correct, then the Antarctic shergottites were generated 
by a Sm/Nd-enrichment process (fractional fusion?) and came to the martian surface relatively uncon- 
taminated. The classic shergottites (Shergotty and Zagami), however, also assimilated a long-term light 
REE-enriched component that presumably is ancient crust. If this crust formed at ~4.4 b y. and was 
complementary to the Nakhla source, then it had - -20 at 180 m.y. ago. Also, this crust would have 
Sm/Nd — 0. 15, which is well within the range of enriched basalts, which in turn suggests that if primordial 
melting were volatile free or dominated by C0 2l the ancient martian crust would be composed of 
transitional to alkali basalts, whereas if the ancient melts were H 2 Orich, the ancient crust would be 
andesitic. 


INTRODUCTION 

The SNC meteorites ( shergottites- nakhlites- Chassigny), 
which have traces of hydrous minerals and terrestrial -like 
feldspars and oxidation state ( Stoiper et al., 1979), form a 
distinct petrologic group among the basaltic achondrtes. Their 
parent body, however, formed from an oxygen isotopic 
reservoir distinct from the Earth and the other meteorites 
0 Clayton and Mayeda, 1983). A number of lines of evidence 
point to a martian origin for the SNC meteorites ( Wood and 
Asbwal \ 1981; McSween, 1985). These include relatively young 
crystallization ages of 1.3 X10 9 or less ( Nakamura et al,, 
1982a,b; Shih et al, 1982), implying derivation on a relatively 
large planetary object {Walker et al., 1979); the discovery of 
weakly shocked lunar meteorites in Antarctica {Marvin, 1983), 
proving that impacts can eject rocks from planetary objects 
without obliterating their texture and mineralogy; the general 
similarity of the compositions of the martian soil and the 
Shergotty meteorite {McSween and Stoiper ; 1980); and the 
discovery of trapped martian atmosphere in one of the 
Antarctic shergottites {Bogard and Johnson, 1983). Although 
the SNCs are isolated samples without any stratigraphic or 


tectonic context, there is a wide range of petrological and 
geochemical data that allow inferences about the magmatic 
processes that produced them as well as the composition and 
history of their source regions. This paper draws on these data 
as well as parallel data from lunar, terrestrial, and other 
meteoritic basalts in order to reconstruct as much as possible 
of the magmatic processes and history of Mars. 

MAJOR ELEMENTS 

One of the difficulties encountered in the study of the SNC 
meteorites is the fact that most of them are igneous cumulates 
or partial cumulates {Stoiper and McSween, 1979). Thus their 
bulk compositions, which can be measured directly, are not 
the same as the compositions of the magmatic liquids from 
which they crystallized. It is these parent liquid compositions 
upon which inferences about magmatic processes and source 
regions must be based. Longhi and Pan (1989) have 
calculated the parent magma compositions for several SNC 
meteorites. Their compositions along with other calculations 
taken from the literature are shown in Fig. 1 and discussed 
briefly below. 
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Abstract 

The low-pressure liquidus boundaries of natural basaltic liquids have been parameter- 
ized as quasi-linear empirical functions of projection coordinates in the Ol-Pl-Wo-Qtz 
model system. Secondary variables are simple chemical parameters such as Mg / and the 
albite and orthoclase fractions of the normative feldspar. These empirical expressions lend 
themselves to rapid construction of liquidus diagrams as well as forming an integral part 
of quantitative models of fractional and equilibrium crystallization. The position and 
reaction relations of the liquidus boundary between olivine (ol) and low-Ca pyroxene (lpyx) 
are strongly dependent on Mg' such that olivine reacts with magnesian liquids along the 
boundary, but precipitates from more ferroan liquids. The transition from a reaction to a 
crystallization relationship in liquids with intermediate Mg' is complex, and it is possible 
for olivine to precipitate during equilibrium crystallization and react during fractional 
crystallization of the same liquid on the ol-lpyx boundary. A survey of the silicate-liquidus 
equilibria appropriate to mare, midocean ridge, and calc-alkaline basalts shows that the 
different alkali contents of these magma types are responsible for the different proportions 
of mafic and feldspathic components observed in cotectic liquids of each type. Different 
alkali contents can even produce important differences, such as silica enrichment vs. silica 
depletion, in the liquid lines of descent (LLD) of parent liquids that have the same initial 
Mg' and crystallization sequence. Liquid lines of descent are in general different from the 
equilibrium crystallization paths that petrologists have employed to construct liquidus 
diagrams. If one were to use only the plagioclase-component projection, there is the po- 
tential for confusing a low-pressure LLD with a high-pressure trend. 


Introduction 

Predicting the liquidus equilibria of basaltic magmas 
has been a goal of petrologists ever since the first melting 
experiments. Among the first credible attempts to predict 
liquidus equilibria of natural compositions were those of 
O’Hara (1968) and Irvine ( 1 970), who employed the bulk 
compositions and experimentally determined crystalli- 
zation orders of basalts to construct a series of pseudo- 
ternary liquidus diagrams. Walker et al. (1972) carried 
this graphical approach a step farther by using micro- 
probe analyses of experimentally produced multisatu- 
rated liquids to fix the positions of the liquidus bounda- 
ries (Fig. 1, top). As recognized by these authors, these 
diagrams were reliable only for compositions similar to 
those on which the diagrams were based. Roeder (1975) 
introduced a second approach that lent itself more readily 
to calculating fractional crystallization paths. He derived 
analytical temperature-composition expressions for the 
olivine and plagioclase liquidus surfaces via multiple lin- 
ear regression. With these expressions it became possible 
to compare the calculated liquidus temperatures for ol- 
ivine and plagioclase of a given basaltic composition: the 
phase with the highest liquidus temperature was the true 
liquidus phase as illustrated in the middle panel in Figure 
1 . Langmuir and Hanson ( 1 98 1 ) and Nielsen (1988) mod- 


ified this approach considerably by adding additional 
phases and temperature-composition algorithms for cal- 
culating the composition of the solid phases. Ghiorso et 
al. (1983) developed a regular solution model for basaltic 
liquids by extracting binary interaction coefficients from 
a wide range of experimentally produced pairs of crystal 
+ glass (quenched liquid). This model lends itself to the 
prediction of liquidus equilibria by free energy minimi- 
zation, as illustrated in the lower panel in Figure 1 . 

Each approach has its advantages and drawbacks. The 
major advantage of the graphical approach is its ability 
to inform the trained observer not only of the immediate 
liquidus phases of a composition but also of the propor- 
tions of important mineral components and of the course 
of crystallization. To overcome the shortcoming of a lim- 
ited range of compositions to which these approaches ap- 
ply, I began a program of parameterizing projected liqui- 
dus boundaries more than a decade ago and work is still 
in progress (Longhi, 1977, 1982, 1987a; Longhi and Pan, 
1989). Then, as now, the conceptual framework is the set 
of quaternary liquidus equilibria in the system CaO-MgO- 
ALOj-SiCL (CMAS) (Presnail et al., 1978; Longhi, 1987b), 
and the parameterizations account for the shifts in the 
liquidus boundaries produced by additional natural com- 
ponents such as FeO, TiO : , and alkalies. Over the years 
these empirical expressions have become more complex 
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INTRODUCTION 

Picntic mare glasses are believed to have formed in wide- 
spread fire fountain eruptions ( Heiken et aL, 1974). The 
compositions of these glasses span an impressive range in TiO> 
concentration (0.4 to more than 16 wt%; Delano, 1986) that 
exceeds the range observed in mare basalts. Several unan- 
swered questions remain concerning the composition of their 
eruptive gas propellant ( Naughton et aL, 1972; Sato, 1979) 
their relation to mare basalts ( Grove and Varnman 1978 

Z 87 } and ** dCpth ° f *** **«* regions (Delano, 
). Of these, the depth of the source regions is least 
amenable to a definitive answer. The purpose of this paper is 
to examine some of the existing models for the depths of the 
source regions and to propose a new one that is based in pan 
on recent theoretical developments in magma transport To 
sunphfy matters. 1 will concentrate on the glasses lowest in 
1 iu t, the so-called green glasses. 

Traditionally, lunar penologists have interpreted the point of 
olivine +- pyroxene multiple saturation on the high-pressure 
hquidus of mare compositions, illustrated in Fig 1 , as the 
pressure of melt segregation (eg.. Green et a!.. 1971 ; Walker 



Fig 1. Schematic pressure temperature relationships for p.cnr.c 
green glasses. Dotted lines show the effect of P 

ponen. - Multiple saturation ■ relets to satura.ton of th^meliTto ^ Z, 
or more phases. Abbrev.at.ons „l = olisnne: opx - orthopyroxene 
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Abstract 

We have investigated the petrogenesis of Proterozoic massif anorthosites through ex- 
perimental phase equilibria studies of two compositions representative of intrusive bodies 
associated with anorthosite plutons, an anorthositic dike from the Nain Complex and an 
average high-AI gabbro composition from the Harp Lake Complex. Experiments on both 
compositions show that liquidus plagioclase becomes distinctly more albitic with increas- 
ing pressure. The anorthositic dike composition does not represent a liquid or a simple 
suspension of plagioclase in liquid because the phase assemblages and mineral composi- 
tions produced in the experiments do not match those in thin section. The discrepancy 
appears to be caused by large-scale heterogeneity in the dike sample, which is also evident 
in the whole set of anorthositic dike compositions and may be caused by open-system 
crystallization. The high-AI gabbro composition has plagioclase, orthopyroxene, and high - 
Ca pyroxene in its liquidus at 1 1.5 kbar. Orthopyroxene crystals formed at 10-1 1.5 kbar 
are similar in major and minor element composition to the most aluminous orthopyroxene 
megacrysts, and liquidus plagioclase compositions at 10-11.5 kbar overlap the bulk of 
plagioclase compositions reported for the Harp Lake Complex. These features are consis- 
tent with both the orthopyroxene megacrysts and much of the plagioclase crystallizing in 
lower-crustal or upper-mantle magma chambers from a parental magma similar to the 
average high-AI gabbro and then intruding upward as mushes or crystal-rich suspensions. 


Introduction 


The composition of magmas parental to Proterozoic 
massif anorthosites has eluded petrologists for a long time. 
As far back as 1917, N. L. Bowen noted that the funda- 
mental problems of anorthosite genesis are finding a par- 
ent magma composition and determining a process by 
which the high modal proportions of plagioclase in the 
plutons could be produced. A number of models have 
been advanced over the years to explain the formation of 
anorthosites and associated granitic rocks from parental 
magmas ranging in composition from quartz dioritic 
(Green, 1969a, 1969b) to anorthositic or hyperfeldspath- 
ic (Buddington, 1939; Yoder and Tilley, 1962; Simmons 
and Hanson, 1978; Wiebe. 1979, 1980; Morse, 1982) to 
basaltic (Emslie, 1980; Longhi and Ashwal, 1985). There 
is little agreement on the crystallization conditions as well. 
Models range from high-pressure fractionation followed 
bv diapiric rise of crystals or liquids (Emslie, 1980; Du- 
chesne et al„ 1985; Longhi and Asluval. 1985) to in situ 
,97 7 to l,;u 'ional crystallization 

un ' 1969b) " th,s s,lMl> w the feasibility of 

lwo potential parental magi'iav ■ • y 

luiunls. h> examining the r<>.ise . •i»,|,|„,. | ‘ 1 basall, C 
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of this experimental study with other observations to as- 
sess a model for the genesis of massif anorthosites. 

Geology 

The Proterozoic massifs are the most voluminous of 
terrestrial anorthosites, with surface exposures ranging up 
to 30000 knv per complex. In detail, the complexes con- 
sist of numerous smaller plutons of variable size and 
composition (e.g., Emslie, 1980; Morse, 1982). Most 
massif anorthosites were emplaced between 1.2 and 1.7 
b.y. and are associated with anorogenic magmatism or 
what has been interpreted as failed rifting (Morse, 1982; 
Emslie, 1985). Syenite, mangerite, and chamockite plu- 
tons and Fe-Ti oxide-rich rocks are spatially and tem- 
porally associated with many anorthosites. Field and geo- 
chemical evidence indicates that the silicic rocks are not 
comagmatic with the anorthosite plutons. although they 
are contemporaneous (e.g., Buddington, 1939; Ashwal and 
Seifert, 1980; Duchesne et al., 1985; Duchesne, 1990). 
This removes the constraint that anorthosite parent mag- 
mas must also be able to produce syenitic or granitic 
residual liquid through direct fractional crystallization 
(e.g., Bowen. 1917; Green, 1969b). It is also noteworthy 
that mafic and ultramafic rocks are not found in great 
abundance close to any anorthosites. 
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Experimental petrology and petrogenesis of mare volcanics * 

John Longhi 

Lamont- Doherty Geological Observatory of Columbia University, Palisades, NY 10964, USA 


( Received February 15, 1991; accepted in revised form March 20, 1992) 

Abstract— Mare volcanics consist of basalts and picritic pyroclastic glasses spanning a wide range of TiO, 
concentration. The more primitive low-Ti basalts and picritic glasses have olivine alone on their low- 
pressure liquidi. Most of the chemical variation among the low-Ti basalts is the result of olivine fractionation 

! n An.r ?7 v, P t 7 M f°: nCh liqUldS differing in Ti ° 3 concentration. With one possible exception 
0 \a ! L T :°" e ° f th ? picnt,c compositions is a suitable parent for any of the observed low-Ti 
basalts. Most of the chemical variation among the high-Ti basalts is the result of a series of magmas 
fractionated along the low-pressure olivine + armalcolite/ilmenite cotectic. All of the picritic high-Ti 
glasses have olivine alone on the liquidus. but none is a suitable parent for any of the basalts. Volcanics 
with intermediate Ti0 2 concentrations ( 5 to 10 wt%) are widespread in the maria, even though thev are 
not well represented in the sample collections; however, there is no evidence either among the samples 
or from remote sensing studies of basalts with >13 wt% Ti0 2 that would be expected as differentiates of 
the picritic glasses with the highest Ti0 2 concentrations. 

Controlled-cooling-rate crystallization studies on a variety of mare compositions have provided the 
basis for reconstructing the size and. in some cases, stratigraphy of mare flows. Groundmass textures 
crystal size, crystal morphology, nucleation density, and zoning patterns have all been emploved to 
quantify cooling histones of mare basalts. A single-stage linear cooling rate may produce a porohrvtic 
slow coohng ld C0 ° ing may als ° Cause pla&ioclase to crystallize after a mineral that it precedes during 

Mare basalts are highly reduced. Mineral assemblages and intrinsic oxygen fugacity measurements 
indicate 7 o 2 below the wustite-iron buffer and at or near iron metal saturation. Accordingly experiments 
run in high-punty iron capsules gained or lost little iron. Most basalts are undersaturated with respect to 
sulphur, so reduction through sulphur volatilization cannot be invoked to explain the presence of iron 
in olivine phenocrysts. The low oxidation state is most likely the result of melting a reduced interior 
under fluid-absent conditions. The progressive reduction ofCr 3+ -► Cr : * and Ti 4+ -*■ Ti in lunar melts 
permits the elimination of the Fe 3+ that is present at iron-saturation in simple systems. 

Crystal-liquid partition coefficients determined from melting experiments have been used in a wide 
range of calculations of major and trace element evolution. The coefficient for Fe-Mg exchange between 
olivine and liquid apparently varies with Ti0 2 concentration of the liquid and is particularly useful in 
assessing whether fine-grained rocks have excess olivine. Nb and Ti have excess concentrations in mare 
basalts relative to adjacent REE in incompatibility diagrams. These excesses or positive anomalies are 
consistent with ilmenite accumulation in light of measured partition coefficients and imply continuous 
variation of accumulated ilmenite even in the low-Ti mare source regions. 

Pressures of multiple saturation (olivine + pyroxene ± Cr-rich spinel ± ilmenite) are in the ranee of 
5 to 12.5 kbar for primitive mare basalts and in the range of 18 to 25 kbar for the picritic glasses Low- 
Ca pyroxene is the only pyroxene along the liquidus of the low-Ti basalts and glasses; however, augite is 
the pyroxene most commonly observed along the high-pressure liquidi of the high-Ti basalts: High-Ti 
picntes have augite in the subliquidus region at intermediate pressures where olivine is the liquidus phase 
but orthopyroxene is the liquidus phase at multiple saturation. Because of the steep depth /pressure 
gradient in the outer portion of the Moon (20 km/kbar), these pressures imply: (a) great depths of 
melting within the Moon and (b) some means of transporting magmas hundreds of kilometers to the 
surface without significant chemical modification, if both olivine and pyroxene were left in the residuum 
Modeling of major elements during polybaric partial melting suggests that it is possible to reproduce the 
composition and high-pressure signature of the low-Ti (green) picritic glasses by accumulating small 
degrees of melt extracted from an upwelling source region. In such a case, melting of the differentiated 
source must begin at > 1 000 km depth ( 40 kbar ) and cease at ^ 1 00 km ( 5 kbar ) . If this model is correct 
then experimental determination of the pressure of multiple saturation gives an average pressure of 

melting: the onset of melting is at higher pressure and actual segregation of the melt from the mantle is 
at lower pressure. uc ° 


* Presented at a workshop on Mare Volcanism and Basalt Pet- 
rogenesis held on October 27 and 28. 1990, during the Annual Meet- 
ing of the Geological Society of Amenca in Dallas. Texas, organized 
by Lawrence A. Taylor and John Longhi. 


INTRODUCTION 

Mare volcanism produced a diverse suite of basalts and 
volcanic glasses. Perhaps the most dramatic feature of these 
volcanics is the wide range ot TiOi concentration (0.3 to 
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Abstract 

Anhydrous experiments on natural and synthetic starting materials with basaltic to 
anorthositic bulk compositions show a systematic increase in the albite component of 
near-liquidus plagioclase and in the ALO, content of orthopyroxene with increasing pres- 
sure. These results are consistent with crystallization of the highly aluminous orthopyrox- 
ene megacrysts and most of the plagioclase in massif anorthosite complexes at lower crustal 
pressures. Comparison of plagioclase compositions from near-liquidus and subliquidus 
experiments conducted in this laboratory with plagioclase compositions predicted at 1 atm 
lor the experimental temperature and liquid compositions by various empirical models 
indicates that the shift to more albitic plagioclase is predominantly a pressure effect on 
the partitioning of albite (Ab) and anorthite (An) components between plagioclase and 
liquid. However, even when pressure terms are added to the models for Ab and An 
partitioning, there remain statistically significant compositional dependencies that are most 
apparent when the liquid composition is nepheline normative. These compositional de- 
pendencies probably arise from the absence of highly aluminous and nepheline-normative 
liquids in the data from which the models were constructed. Accordingly, we present 
empirical adjustments to the plagioclase-liquid models of Drake ( 1976), Weaver and Lang- 
muir (1990), and Ariskin and Barmina (1990). 6 

The positive pressure dependence of ALO, in orthopyroxene coexisting with plagioclase 
and liquid is almost entirely the result of changes in orthopyroxene-liquid partitioning and 
not related to increases in the ALO, concentration of the liquid. Data for ALO, partitioning 
from 46 orthopyroxene-liquid and 45 pigeonite-liquid pairs taken from the literature show 
that pressure is the most important control on the simple molar partition coefficient for 
ALO,. Rapid crystal growth is rejected as an alternative explanation for the high ALO, 
contents of orthopyroxene megacrysts because rapid growth leads to low Cr.O, concentra- 
tions in orthopyroxenc, contrary' to what is observed. 

These results support polybaric models for massif anorthosite petrogenesis that entail 
accumulation of plagioclase in evolved basaltic magma chambers ponded in the lower 
crust followed by buoyant ascent of plagioelase-rich magmatic suspensions that intrude 
the upper crust, carrying rafts of orthopyroxene megacrysts. In thick, decompressing sus- 
pensions, the interplay of tie-line rotation and mass balance prevents plagioclase from 
becoming significantly more anorthitic. Experimental studies suggest that the transition 
from liquid- to solid-state rheology of plagioclase suspensions occurs at -60% crystallinitv 
for a homogeneous grain-size distribution and near static conditions. However both mo- 
tion of the suspension and uneven grain-size distribution shift the transition to higher 
crystallinities. Thus the transit of suspensions with leuconoritic composition (65-70% 
plagioclase) may be possible with minimal deformation of the entrained plagioclase For- 
mation of deformed anorthosite masses may then occur as second-stage buoyant segre- 
gations within the upper crustal magma chambers. 


)04X/93 09 10-101 6S02.00 


1016 



iieuchimn-a vi Cosnunhimica Aaa Vol. 57. pp. 1605-1606 
Copyright Q 1993 Pergamon Press Ltd. Printed in U.S.A. 


0016-7037/93/56.00 + 00 


32 . 


SCIENTIFIC COMMENT 


Terminology for trace-element partitioning 
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Abstract — A self-consistent terminology for partitioning data is presented. Ratios of the concentration 
of a component in two phases are termed partition coefficients and given the symbol D. Ratios of partition 
coefficients are termed exchange coefficients and given the symbol K D . The prefix “bulk” implies that 
these coefficients are weighted according to the_ proportions of coexisting phases. Bulk partition and bulk 
exchange coefficients are denoted by D and K Dy respectively. 


INTRODUCTION 

There is an increasing interest in the data of element par- 
titioning, both among geochemists and from those in other 
fields. This interest is reflected by the large number of par- 
titioning studies published recently (see Jones, 1993, for a 
review). It has become clear that information from trace ele- 
ments is able to place important constraints on magmatic 
processes and the chemical evolution of the Earth and other 
planets, and that a knowledge of partition coefficients is es- 
sential if these data are to be interpreted correctly. 

Attempts are being made to integrate this information with 
that obtained using a wide range of other geochemical and 
geophysical approaches. It is therefore essential that parti- 
tioning information should be as accessible as possible to 
those from other fields. Unfortunately, the terminologies used 
in published partitioning studies are inconsistent and con- 
fused. The terms “partition coefficient” and “distribution 
coefficient” together with the symbols D, AT D , and K d are 
generally used to denote various partitioning relations. How- 
ever, the definitions of these terms and symbols varies greatly 
from one paper to another, causing much unnecessary con- 
fusion. 

It is clear from the recent literature that there is an in- 
creasing need for a common terminology for these studies. 
This paper seeks to present such a terminology. We hope 
that its use will make the data of trace-element partitioning 
more accessible to a wide range of geoscientists. The termi- 
nology we present here is an extension of that suggested by 
Takahashi and Irvine ( 1981 ) and is consistent with that 
used by Yardley ( 1989) to describe partitioning relations 
in metamorphic systems. The use of this agreed terminology 


should help make the information obtained from trace-ele- 
ment geochemistry more accessible to the earth science com- 
munity. 

We hope that this terminology will become generally ac- 
cepted and end the confusion that currently exists. 

TERMINOLOGY AND DEFINITIONS 

Although partition coefficients calculated on a molar basis 
provide the closest reflection of the thermodynamics that 
control partitioning, most trace-element models use partition 
coefficients calculated on a weight fraction basis. We therefore 
recommend that partition coefficients should be calculated 
from the weight fraction of the components involved unless 
otherwise stated. We suggest that the weight fraction of a 
component in a phase should be given the symbol C. 

Simple concentration ratios between two phases are termed 
partition coefficients , in accordance with Denbigh ( 1966), 
and will be given the symbol D\ this is the “Teilungskoeffi- 
zient” of Nernst ( 1891 ). Subscripts will refer to the element 
of interest, and superscripts will refer to the phases concerned, 
with L being used for the melt phase. The phases between 
which the component partitions may be placed before the D 
where it is not convenient to superpose subscripts and su- 
perscripts. Thus, for component MO (where M is any cation ) 
partitioning between phases a and 0 

Cmo/ Cmo = DU 8 

If partition coefficients are calculated on a molar basis, we 
recommend the term molar partition coefficient and the sym- 
bol D*, with 
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Abstract 


The Bjerkreim-Sokndal layered • 

Province of southern N “ ^ — **« 

of southern Nonvay and is made of cumulates of the anorthosite ma 
chamockite suit/* Thio „ ‘*nonnosite-mangente- 

the fine • S y PrcSentS experinKni al phase: equilibrium data for one of 

-gram jotumte (Tjdm locality) occuiring along its noithwestem lobe n 
experimental data shorn , • • • . 

Iha ‘ a J°“™nc liquid similar in composition to the r- • 

o tnacrocyclK units (Mainland IV of the intrusion. The limit of th r ■ 

field in the experimental! ^ limit of the olivine stability 

^ „ „ _ , 

n magnente disappeared horn die cumulus assemblage and th • 
until die reentry of this mineral. Calcutad densities of exne i * U ** a ‘ aa ~« 

density increase with fraction*™ a, 7. 10 and 13 kb d “ ^ Sh ° W * 

plagioclase in th ue to the predominance of 

plagioclase in the crystallizing assemblage AtSkhswi, 

plagioclase is the r -a At 5kb and 1 atm (FMQ-1), where 

P gtoclase is the hquidus phase, density fct increases and then a 

kb) or olivine+ilmenite ( 1 atm : FMQ-1) precipit^^At^ t ^ Cn *° PS WhCn °* ivine 

supposed to havedecreasedduring facdo , ^ ^ ^ 

^ TTo dcnsiq, connas, utfened ben^en phgi^ ^ ^ 
-gmashowsdia, dds mineral was mn able u, smh in dl 
crystallization process. SUggestin S an in situ 


